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New spatial, temporal, and compositional data from continental magma systems and lower crustal 
xenoliths in the western United States indicate there exists a connection between supereruptions and 
magmatic-hydrothermal mineral deposits. An evaluation of >24,000 past and present mines in the western 
United States reveals a suite of commodities that are characteristic of a near-caldera environment, in-
cluding: F, Ag, Pb, Zn, Hg, Mn ± Mo, and Bi. More than 25% of F, Ag, and Pb mines in the dataset occur 
within 10 km of a caldera rim; more than twice of what is predicted for randomly distributed points.
High-precision zircon U/Pb geochronology of shallow silicic porphyries from northern Colorado 
demonstrate F-rich Mo mineralization in the area began 900 ka after of the start of the ignimbrite flare-up. 
Pre-ignimbrite intrusions are associated with pulses of Pb-Zn-Ag mineralization 1 to 4 Ma before the first 
large-volume eruption in the area. The shift to Mo-F mineralization also corresponds to a secular change 
in radiogenic isotopic compositions. Melts that ultimately formed the numerous F-rich granite porphyries 
in the area were sourced from mafic lower crust and potentially contained a juvenile mantle-derived com-
ponent. Mafic lower crustal xenoliths entrained in pre-Laramide diatremes in northern Colorado contain 
amphibole with up to 1.4 wt.% F. These data demonstrate northern Colorado had F-rich mafic lower 
crust before Laramide flat-slab subduction and hydration of the base of the North American lithosphere. 
Fluorine-rich deep crustal rocks melt at higher temperatures than their F-poor counterparts. Thus, based 
on: 1) the presence of F-rich, thermally stable mafic lower crust in Colorado; 2) the secular shift to F-rich 
magmatism following the onset of ignimbrite activity; and 3) the overall spatial affinity of calderas for F 
deposits in the western United States, it is concluded that the “high-power” melting event that generated 
supereruptions in the Southern Rocky Mountains also set the stage for F-rich magmatic-hydrothermal 
iv
mineralization. Extraction of deep crustal melts during caldera-forming events is envisioned to re-work 
the deep crust, both thermally and chemically, such that subsequent melts incorporate F-rich source rocks. 
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CHAPTER 1: INTRODUCTION
Studying the mechanisms responsible for the generation and differentiation of silicic melts in 
continental magmatic systems is essential for building a better understanding of continental crust forma-
tion (Coleman et al., 1992; Keller et al., 2015), explosive volcanic hazards (Lipman, 2007; Cassidy et al., 
2018), and the generation of economic mineral deposits (Hedenquist and Lowenstern, 1994; Mercer et al., 
2015). Over the past decade and a half, a growing body of literature has shown that silicic magmas in the 
upper crust are assembled in small batches that amalgamate into plutons during periods of low magma 
flux, and eruptible magma bodies during transient high flux episodes (Coleman et al., 2004; Annen, 2009; 
Frazer et al., 2014). Consequently, the incremental assembly hypothesis requires re-visiting models that 
describe relationships between plutons, volcanoes, and porphyry mineral deposits (Caricchi et al., 2014; 
Glazner et al., 2015; Chelle-Michou et al., 2017). 
The relationship between large-volume silicic calderas and mineralization remains a poorly ex-
plored aspect of the new ideas that have changed igneous petrology. Silicic magma bodies were originally 
suggested to be exhausted in essential volatiles for mineralization during explosive eruptions (Pasteris, 
1996; Sillitoe, 2010), but detailed studies of deeply eroded caldera systems indicate pluton assembly may 
continue for 100’s to 1000’s of ka after caldera formation (Mills and Coleman, 2013; Rosera et al., 2013). 
At the 25.5 Ma Questa caldera, porphyry Mo and intrusion-related Ag-Au mineralization are associated 
with granites and rhyolite dikes that intruded 0.5 to 5 Ma after caldera formation (Rosera et al., 2013; 
Gaynor et al., 2019a), and are clear evidence that post-caldera magmas are volatile-charged and capable 
of generating porphyry deposits. These observations in conjunction with evidence for piecemeal assembly 
of sub-caldera plutons at Questa (Tappa et al., 2011; Gaynor et al., 2019b), led to the interpretation that 
the caldera-forming magmatism prepares the crust for subsequent mineralization (Rosera et al., 2013). 
Importantly, this example makes the prediction that there may exist temporal, spatial, and chemical cor-
relations between silicic calderas and certain types of mineral deposits.
2
This dissertation presents four studies that explore various aspects of continental magma systems 
as they relate to mineralization and silicic ignimbrite activity. In Chapter 2, I explore the spatial aspects of 
the caldera-mineralization hypothesis. This study develops a new spatial analytical toolset on the foun-
dations of a simple nearest-neighbor cross-correlation between points and caldera rims. A database of 
approximately 24,000 past and presently productive mines is used to explore what mineral deposits are 
abundant near silicic calderas. 
Fluorine and Cl are critical components of magmatic-hydrothermal systems, including porphy-
ry Mo deposits, but they are difficult to quantify in plutonic rocks because they are volatile elements. 
Chapter 3 investigates if F and Cl concentrations in fluorite-bearing granites are enriched at the source or 
during upper crustal differentiation. A suite of mafic lower crust xenoliths located near a shallow F-rich 
granite pluton present an excellent opportunity to investigate if the mafic crust controls F and Cl in vola-
tile-rich magmas. 
The final two chapters address questions regarding relationships between ignimbrites and min-
eralization in Cretaceous and younger magma systems of the Colorado mineral belt and northern Rio 
Grande rift. Chapter 4 uses high-precision U/Pb zircon geochronology to re-evaluate spatio-temporal pat-
terns of magmatism in the Colorado mineral belt, and focuses on temporal connections between porphyry 
Mo mineralization and the onset of silicic ignimbrite activity. Chapter 5 utilizes new geochronological 
data from magma systems in northern Colorado and whole-rock major, trace, and isotopic data to track 
changes in the source of magmas through time. This study addresses how the chemistry of the lower crust 
and upper mantle influence porphyry Mo and intrusions-related Pb-Zn-Ag mineralization in Colorado 
before, during, and after major caldera-forming activity. 
The four studies presented in my dissertation are therefore aimed towards 1) building a broader 
understanding of how (and which) mineral deposits relate to volcano-plutonic systems in space, time, and 
composition, and 2) exploring how modern geochronology and new spatial analytical tools can be used to 
analyze and explore existing datasets in an effort to test inferences related to dynamic continental magma 
systems. 
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CHAPTER 2: CHARACTERISTIC MINERAL COMMODITIES ASSOCI-
ATED WITH CALDERA-FORMING MAGMA SYSTEMS: NEW INSIGHTS                
FROM PROXIMITY AND CORRESPONDENCE ANALYSIS
INTRODUCTION
The ability to quickly and accurately characterize mineral deposits is becoming increasingly 
important as global economies shift towards new technologies, and international politics reshape exist-
ing global commodity trading patterns. Classical mineral deposit studies of precious (i.e., Au, Ag) and 
base metals (i.e., Cu, Mo, Pb, Zn) remain critical, but new emphasis is being placed on understanding 
associated or byproduct commodities that can be secured for future resource potential (e.g., Fortier et al., 
2018). Building broader geological models of commodities that are often co- and byproducts can further 
our understanding of characteristic assemblages for given geological settings. We present herein a simple 
workflow that utilizes existing spatial datasets, spatial analysis, and multivariate data exploration tech-
niques to rapidly evaluate many mineral groups relative to geological parameters. This technique permits 
simultaneous evaluation of many commodities and ties them to a distance from a specific geological envi-
ronment, and as such, can be used to test inferences about less commonly sought mineral groups. 
A growing movement among researchers is focused on using “big data” techniques to better ex-
plore relationships. Whereas other sciences have found success in utilizing systematic quantitative analy-
ses to test hypotheses, application of such an approach to regional geological questions regarding mineral 
deposits is difficult owing to the large spatial (and temporal) scales, widely varied geological histories, 
and the fact that deposits range from minor occurrences through giant economic orebodies. This problem 
is amplified by an overall lack of quantitative information regarding production, grade, and chemical data 
for source or wallrocks. Qualitative, spatially-controlled data provide a basic framework to which this in-
formation can be added, and are easily accessible (i.e., MRDS, 2005). Our workflow uses cross-correlated 
spatial datasets and count-based multivariate techniques to make better use of freely available datasets. 
4
The proximity analysis approach employed herein can also be used to explore spatial relationships across 
different spatial classes (point vs. line; point vs. polygon, etc.).
Multiple studies document the proximity of mineral deposits and caldera-related magmatism in 
continental settings (Lipman, 1976; Henry and Price, 1984; Lipman and Sawyer, 1985; Rytuba et al., 
1990; Elston, 1994; Rytuba, 1994; Singer and Marchev, 2000; Rosera et al., 2013; Garden et al., 2017; 
Benson et al., 2017), suggesting that supervolcanoes could create conditions favorable for concentrat-
ing metals into the crust. However, the bulk of the extant literature includes studies that are limited in 
regional extent or rely on qualitative observations. Regional studies that specifically link calderas to 
magmatic-hydrothermal systems are scarce. McKee (1979) documented calderas and metal-rich deposits 
in Nevada and noted that only a few tuffs are related to productive mining districts. However, this study 
used only ore districts whose production revenues exceeded $1,000,000. This biases the dataset to only 
high-grade and/or easily exploited deposits and therefore obscures information about whether calderas 
are broadly related to enrichments of metals into the upper crust. Elston (1994) provides an overview of 
numerous mineralized silicic calderas and documents the variation in metal associations in these systems. 
Despite evidence for links between silicic calderas and mineral deposits, guidance as to what types of 
commodities to expect when developing regional resource models is lacking. Especially in comparison to 
well-studied systems such as porphyry Cu-Mo-Au in subduction zones (Richards, 2003; Sillitoe, 2010) 
and volcanogenic massive sulfides associated with submarine extensional tectonics (Ohmoto, 1996).
In order to demonstrate the utility of a proposed workflow for assessing mineral commodity 
groupings in cross-correlated spatial datasets, we present a compilation of caldera systems for the western 
United States and evaluate the data in the spatial context of mineral deposits within the same region. We 
use a large dataset of mineral deposit locations from the US Geological Survey’s Mineral Resource Data 
System (MRDS, 2005). All points are past and present mineral producers, and no other economic quali-
fiers are applied. We use proximity analysis to evaluate the distance of each deposit to its nearest caldera 
rim and compare those data to randomly located points. Moreover, we use correspondence analysis, a 




Study area and geologic history
We focus on the US portion of the Basin and Range province, the Rio Grande rift, and the south-
ern Rocky Mountain volcanic field (Fig. 1, Steven, 1975). This area was selected because, 1) it hosts the 
majority of exposed calderas in western North America, 2) it has a shared geologic history from Laramide 
compression to more recent extension (Christiansen and Lipman, 1972), and 3) it simplifies simulating 
magmatic-hydrothermal deposits as random points by eliminating those that fall within adjacent regions 
with drastically different geologic histories (e.g., Colorado Plateau).
Within the study area, the oldest caldera is located in southern Arizona and is associated with sub-
duction during the Jurassic (Cobre Ridge, ~ 170 Ma; Riggs and Busby-Spera, 1991). Most of the calderas 
formed during the final stages and ultimate breakup of the subducting Farallon plate beginning around 40 
Ma (Christiansen and Lipman, 1972; Chapin, 2012; Henry and John, 2013; Best et al., 2013). Eruption 
of ignimbrites was particularly intense between approximately 37 and 18 Ma. With the exception of the 
Valles caldera in New Mexico, all of the calderas younger than 18 Ma are located in the western portion 
of the study area. Volcanic rocks associated with caldera-forming magma systems are typically interme-
diate to silicic in composition; coeval mafic magmas are rarely reported (i.e., Lipman and Bachmann, 
2015).
Wide-spread extension began in the Oligocene and is related to basaltic, and often, bimodal, mag-
matism (Christiansen and Lipman, 1972). The timing of the onset of extension relative to caldera forma-
tion is variable, but most major extension occurred after peak ignimbrite-forming volcanism. For exam-
ple, Henry and John (2013) note that two of the caldera centers in the western Nevada volcanic field are 
extended, and they argue extension post-dated caldera formation because there are no angular unconfor-
mities between ignimbrite units. A similar conclusion was reached by Best et al. (2013) in their summary 
of the Indian Peak-Caliente caldera complexes of southeast Nevada and southwest Utah. In Colorado, the 
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Figure 1. Maps showing caldera compilation and MRDS data. A: Distribution of primary producers of F, Cu, Pb, 
Ag, and Mn. Proximity and correspondence analysis suggest that primary Ag and Pb producers show elevated oc-
currences near calderas. B: Distribution of primary producers of Au, W, Fe, U, and Sn. Based on our analysis, all of 
these producers show little spatial association with calderas.
7
Mineralized calderas: Conceptual models
Mineralization within and around calderas forms in a variety of settings. Rather than focus on an 
exhaustive list, we present here a brief discussion of well-documented mineralized calderas that either 
host notable economic deposits, or have potential for future development. These examples form the initial 
conceptual model for mineralized calderas that we seek to explore.
The 25.5 Ma Questa caldera in northern New Mexico hosts numerous mineral deposits, including 
the Questa porphyry Mo deposit (Lipman and Reed, 1989; Tappa et al., 2011; Gaynor et al., 2019a). The 
Questa caldera, associated subvolcanic intrusions, and the suite of mesothermal magmatic-hydrothermal 
mineral deposits are exceptionally exposed along the eastern flanks of the Rio Grande rift. High-precision 
U/Pb zircon and Re/Os molybdenite geochronology indicate that mineralization of the large Questa Mo 
deposit formed within 500 ka of caldera collapse (Rosera et al., 2013; Gaynor et al., 2019b). The Questa 
deposit formed within and above a series of ring intrusions along the southern caldera margin. The miner-
alizing intrusions cut fractures that parallel low-angle normal faults that formed during a brief pulse of ex-
tension following caldera collapse (Meyer and Foland, 1991). The flat-lying fracture system is interpreted 
to have acted as a structural trap for ascending magmas, resulting in lateral magma flow and the assembly 
of a laccolith at the mine site (Gaynor et al., 2019b). Sub-vertical ring fractures immediately south of the 
caldera acted as conduits for younger silicic dikes associated with mesothermal Ag deposition (~ 23.7 Ma; 
Gaynor et al., 2019a). The southern caldera margin, the region of extreme extension, and numerous other 
mesothermal mineral deposits all form along a steeply dipping boundary in Precambrian rocks (Meyer, 
1991; Ross et al., 2002). A late, smaller pulse of porphyry Mo mineralization formed a few km south of 
the caldera at ~ 20.5 Ma and is evidence for prolonged production of a hydrous magma system associated 
with stockwork veining (Gaynor et al., 2019a).
The 26.9 Ma Round Mountain caldera in the central Great Basin hosts a world class Au-Ag de-
posit. Mineralization is hypothesized to have occurred above a ring intrusion 500 ka after caldera collapse 
(Henry et al., 1997). The 500 ka gap between caldera collapse and mineralization is hypothesized to be 
too long for the magmas to have originated from the same upper crustal reservoir (Henry et al., 1997). 
Hydrothermal fluids flowed up sub-vertical fractures before moving laterally into permeable tuff (Sander 
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and Einaudi, 1990). Thus, like the Questa system, mineralization at Round Mountain occurred in part due 
to establishing a new magmatic-hydrothermal system along a structural trap after caldera formation (i.e., 
intersection of sub-vertical and sub-horizontal fractures or bedding).
Mineral deposits associated with calderas do not need to be directly linked to magmatic-hydro-
thermal processes, as is the case in the two examples described above. The 16.5 Ma McDermitt caldera 
complex in northern Nevada contains sediment-hosted Hg, Li, and U deposits (Rytuba and Glanzman, 
1978; Henry et al., 2017; Benson et al., 2017). These deposits are interpreted to have formed by leaching 
Hg, Li, and U from silicic volcanic rocks enriched in these elements and depositing them within intracal-
dera lake sediments. Benson et al. (2017) suggest there is potential for Li-clay deposits in other caldera 
settings whose occurrence could be a critical resource for growing Li demand. Consequently, the potential 
for calderas to host valuable mineral deposits spans a suite of processes from magmatic-hydrothermal 
through weathering. This variability corresponds to a variety of potential commodities associated with 
caldera-forming magma systems. 
METHODS
Spatial Data
 Caldera rims were traced from published maps (Smith and Bailey, 1966; Sheridan and Stuck-
less, 1970; Henry and Price, 1984, 1984; Lipman and Sawyer, 1985; Lipman and Reed, 1989; Riggs and 
Busby-Spera, 1991; McIntosh et al., 1992; Fridrich et al., 1998; Link and Janecke, 1999; McIntosh and 
Bryan, 2000; Ferguson et al., 2013; Henry and John, 2013; Zimmerer and McIntosh, 2013; Best et al., 
2013; Drew et al., 2013; Lipman and Bachmann, 2015). The degree of certainty of each caldera location 
is variable, especially in the tectonically dissected Great Basin (Henry and John, 2013; Best et al., 2013). 
We attempted to exclude eruptive centers that are speculative, for example queried caldera centers from 
the western Nevada volcanic field were excluded (see Fig. 1 in Henry and John, 2013). Image files of 
maps were rectified using georeferencing tools with preference of control points given to demarcated 
coordinates and then to obvious state boundaries.
Locations and attribute data of mines were extracted from the USGS Mineral Resources Data 
System (MRDS, 2005). Only past and present producers with spatial precision < 2000 m were selected. 
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MRDS lists commodities in order of abundance produced (e.g., primary, secondary, tertiary, etc.). We 
subset our proximity analyses on the basis of these divisions. First, we queried each commodity type for 
primary commodities (e.g., Au-Ag mine would be listed as Au; “primary-only”). Second, we queried each 
commodity whether it is primary, secondary, or tertiary (“multi-commodity” method). For example, a 
query for primary Mo mines yields 65 locations, despite the fact that Mo is often a secondary product of 
porphyry Cu deposits. Allowing Mo to be queried regardless of it being a primary, secondary, or tertiary 
commodity allows development of a more robust dataset for productive Mo mines (n = 342). 
Proximity Analysis
We use proximity analysis to determine the distance from each deposit to the nearest caldera rim. 
The output is a distance measure for each mineral deposit, and we aggregate those data into 2.5 km-wide 
distance-bins to evaluate their frequency.  Note that the origin for each measurement is a mine, and this is 
not directly equivalent to counting every deposit within growing rings outward from calderas. Neighbor-
ing mines that targeted genetically related ore bodies will oversample mineral occurrences, potentially bi-
asing the dataset. To minimize local oversampling, we divided the study area into a grid of 3.16 km2 cells 
(with a diagonal of 2.5 km) and only count cells that contain at least one mine. The 2.5 km diagonal was 
selected because it is smaller than the average caldera diameter (~ 20 km) and not too small to introduce 
the small-scale oversampling we intend to avoid. The following process was used for each commodity in 
our “primary-only” analysis: 1) points representing mines with the commodity listed as a primary prod-
uct (e.g., Au) were selected; 2) the points are filtered through a mesh of 2.5 x 2.5 km cells; 3) centroids 
of cells that contain at least one mine with that commodity were used for nearest neighbor measurement. 
This process was repeated for each commodity, and deposits with fewer than 20 occurrences were dis-
carded. The “multi-commodity” analysis was completed with the same steps, except in step 1 the mines 
were selected if the targeted commodity was listed anywhere in the top-3 commodities in MRDS. Finally, 
we randomly generated ~ 24,000 points and analyzed their distance to caldera rims as with the same pro-
cesses to generate a random frequency-distance distribution (SpatStat; Baddeley et al., 2015).  
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Correspondence Analysis
The output from our nearest neighbor analysis can be represented as a large table where the rows 
are specific distance-bins from the deposit to the nearest caldera (e.g., 0 – 2.5 km, 2.5 – 5.0 km, etc.) and 
the columns are mines with a certain commodity (e.g., Au, Ag, etc.). The individual elements of the table 
are counts for a given distance-bin and commodity type; it is a contingency table that can be explored 
further with correspondence analysis (CA; Greenacre, 2017). CA is an under-utilized tool in geological 
sciences that permits evaluation of matrices of count-based data. A primary goal of CA is to convert large 
contingency tables into low-dimensional plots that visualize relationships within row and column cate-
gories, as well as between rows and columns. In essence, plots derived from CA are used to aid in visual-
izing relationships of categorical data by determining if any table cell contains more or less occurrences 
than what is expected (e.g., are there more Au deposits within 0 – 2.5 km of a caldera rim than what is 
expected?). 
Example workflow with correspondence analysis
Perhaps the easiest way to understand correspondence analysis is with an example. Consider a 
hypothetical dataset of mines with commodities A, B, and C that are counted in four different categories 
(e.g., distance-bins, map regions, stratigraphic units, etc.; simply called “Rows 1-4” in Fig. 2A). The goal 
is to visualize how the commodities covary across these row categories. The first step is to construct a 
contingency table and then normalize the counts to the grand total (Fig. 2A, Steps 1 & 2). The observed 
probability of a mine with commodity A occurring in Row 1 can be read from this table (0.143, or 14.3%). 
It is also possible to use the normalized row and column totals to calculate an expected probability. Thus, 
the probability of any mine in the dataset belonging to Row 1 is 0.271. Likewise, the probability of a mine 
with commodity A occurring in any of the rows is 0.329. The expected probability is the product of the 
respective row and column value (0.143 x 0.329 = 0.089) - there are more occurrences of commodity A 
in Row 1 than what are expected (0.143 versus 0.089). Correspondence analysis targets deviations of the 
observed and expected values calculated in a similar manner. The residual matrix in CA is calculated by 
comparing the observed to the expected values and inversely weighting them to their normalized row and 
column totals (Fig. 2a, Step 3; see Appendix for a more detailed description and equations). The residual 
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matrix is then decomposed with singular value decomposition (SVD) yielding three matrices: U, Dα, and 
V (Fig. 2A, Step 4). The left and right matrices contain values corresponding to the rows and columns 
of the original matrix, respectively, and their columns represent singular vectors (i.e., eigenvectors). The 
middle matrix contains singular values (i.e., eigenvalues). The values of the first two columns in U and V 
are extracted, scaled, and plotted in a two-dimensional scatterplot (“symmetric maps” in CA terminology; 
Fig. 2B, B). These plots essentially show scores projected onto two factor axes (CA axis 1 & 2), and each 
axis explains some portion of the variance in the dataset. In our simple example, 96% of the variance in 
the dataset falls along CA axis 1 (see Appendix). 
Reading correspondence analysis plots
An advantage of using CA is that relationships between rows (or objects) and columns (or vari-
ables) can be explored simultaneously on scatter plots because the original matrix is scaled to the grand 
total (Fig. 2B). These plots permit joint evaluation of data contained in the rows and columns of the 
original matrix because the relationship between the two is preserved after normalization. This duality is 
a powerful aspect of CA, but it does require some practice reading the plots.  First, consider only the col-
umn data (gray squares, Fig. 2B); commodity “A” plots in the opposite direction of “C” along CA axis 1. 
This indicates the two are negatively correlated. The same conclusions can be drawn from the data from 
rows 1 and 2. Scores for R1 and R2 plot near each other, and that means they are composed of similar 
residuals for A, B, and C (verify in Fig. 2B). The effect having a high residual value for commodity C 
(i.e., more than expected) in any given row can be read by comparing the angle from the origin for point 
C to the angle for that of R3. Thus, row 3 has the highest residual of commodity C, and plots in the same 
direction. 
Applying CA to nearest neighbor counts
As discussed above, our nearest neighbor analysis can be used to construct large contingency 
tables. In the case study, the rows are distance-bins and the columns are mines of a given commodity. 
It is therefore possible to use CA to explore how the number of mines for a given commodity vary with 
respect to their proximity to calderas. When projected onto CA scatter plots, one can visualize what com-
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Step 1: Cross-tabulation (contingency table) 
 A B C   
Row 1 10 8 1 19  
Row 2 8 8 3 19  
Row 3 2 4 8 14  
Row 4 3 8 7 18  
 23 28 19 n = 70 grand total 
      
Step 2: Correspondence matrix (normalize to grand total)
 A B C   
Row 1 0.143 0.113 0.014 0.271  
Row 2 0.114 0.114 0.043 0.271  
Row 3 0.029 0.057 0.114 0.200  
Row 4 0.044 0.074 0.074 0.257  
 0.329 0.400 0.271 1  
      
Step 3: Residual matrix 
 A B C   
Row 1 0.180 0.017 -0.219   
Row 2 0.084 0.017 -0.113   
Row 3 -0.144 -0.081 0.257   





U    Dα    V   
-0.603 0.209 -0.652  0.469    -0.594 0.563 -0.573 
-0.303 -0.011 -0.293   0.096   -0.116 -0.766 -0.632 
0.640 0.623 -0.442    0  0.795 0.310 -0.521 
0.366 -0.753 -0.543         
 
Step 4: Decompose with singular value decomposition
convert to row scores convert to column scores
Figure 2. Example of steps for analyzing count-based tables with correspondence analysis. A: A series of data tables 
showing the workflow for a hypothetical cross-tabulation for three variables (A, B, and C) and four different classes 
(Rows 1 – 4). Step 1 – the original cross-tabulation showing counts in each cell and also totals for rows, columns, 
and the grand total (n). Step 2 – normalize all cells, row, and column totals to the grand total. Step 3 – calculate 
residual values for each element. Residuals are calculated based on the difference between expected and observed 
values and are inversely weighted to normalized row and column totals. Step 4: the residual matrix is decomposed 
with singular value decomposition that generates three matrices. The columns for the left and right matrices corre-
sponding to singular vectors, with decreasing singular values (i.e., the amount of variance they explain) to the right. 
The first two columns are extracted, scaled, and plotted to generate a “symmetric map”, or scatter plot, as in panels 
b and c. See Appendix for full equations and further details. B: Resulting scatterplot for hypothetical data shown in 
Fig. 2A. First correspondence analysis axis explains 96% of the variation in the dataset. Note that row and column 
scores can be plotted simultaneously (circles and squares, respectively). Numerous relationships between points 
have been highlighted to aid in interpreting these plots. See main text for further details. C: Same as Fig. 2B, but 
without annotations.
13
well as those that are fewer than expected. 
RESULTS
Ninety-one calderas were identified within the study area (Fig. 1). On average, 11.6% of the 
random points occur within 10 km of caldera rims. Proximity analysis of primary commodities indicate 
that more than 27% of the Pb, Ag, and F-bearing cells occur within 10 km of a caldera rim – significantly 
in excess of a random distribution (Fig. 3). Of the deposits with more than 400 occurrences (hereafter, 
‘high-occurrence’), Au and W have the lowest abundance near caldera rims (~ 16% and 10% within 10 
km of caldera rims, respectively). Multi-commodity analysis reduces the abundance of Ag and Pb with-
in the first 10 km to 20% and 22%, respectively (Fig. 3B). Fluorine remains concentrated near calderas 
(~ 26%) and the only other high-occurrence commodity that exceeds 25% frequency within 10 km of a 
caldera is Zn. 
Correspondence analysis of primary commodities counts per distance bin yields a first axis that 
accounts for 21% of the variance in the dataset, and a second axis that explains 11% of the variance (Fig. 
4A and B). Including secondary and tertiary commodities reduces the variance explained for the first and 
second factors to 13% and 12% of the total, respectively (Fig. 4C and D). 
INTERPRETING PROXIMITY AND CORRESPONDENCE ANALYSIS DATA
Nearest neighbor analyses provide a useful, and simple, way to evaluate which groups of com-
modities are spatially related to calderas. First, methods to compare data for each commodity to one 
another are discussed. Then, this information is used to form two broad commodity groups: those with 
higher abundances near calderas than random data, and those that are generally indistinguishable from 
random data relative to caldera location. These data can be used to make broad inferences about how 
caldera systems host anomalously high abundances of certain commodities. A detailed evaluation of each 
commodity is beyond the aim of our study, as is an in-depth review of what specific mechanisms result in 
economic grade ore deposits. Instead, we focus on how our methodology can lend insight into the assem-
blage of commodities that might be characteristically enriched in a geologic setting of interest.
The frequency-distance plots (Fig. 3) reveal that ~ 11.6% of the randomly located points occur 
within 10 km of a caldera rim. The subtle break in slope at ~10 km in the random data is an effect of ap-
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plying nearest neighbor analysis of points (mines) to circular features (calderas). That is, the analysis does 
not discriminate between mines located inside or outside of calderas, and the shape of the frequency-dis-
tance plots generated from random point data reflects: 1) the average radius of calderas in the study area, 
2) the degree of caldera clustering, and 3) the shape of our selected study area (see Appendix; Figs. S1-
S3). Some commonly targeted metals, such as W and Fe, tend to follow the frequency-distance distribu-
tion of the randomly generated data, and thus show little spatial association with calderas. More than 25% 
of primary Ag, Pb, and F occur within 10 km of caldera rims – more than double that observed in random 
data. Thus, there is a tendency of these producers to be non-randomly clustered near caldera rims. 
Understanding how less-frequently targeted mineral groups covary in space can be visualized 
with correspondence analysis. This technique applies more weight to less frequently mined commodities, 
making it easier to compare to the relationships observed for the high-occurrence group (i.e., Ag, Pb, 
Cu). Correspondence analysis plots show a tendency of near-caldera bins (< 10 km; red points on Fig. 4) 
to cluster on the first CA axis. Comparison of deposit type scores indicate that the cluster tends to plot in 
the direction of Ag, Pb and F deposits for the primary producers. This corroborates observations made 
from the frequency-distance analysis (Fig. 3) and suggests that distance to caldera rims exerts significant 
control on the variance in the primary-only dataset (~21% variance along CA axis 1; Figs. 4A and B). The 
second CA axis, which accounts for 11% of the variance, appears to differentiate W and As deposits from 
Mn, U, Al, and (to a lesser degree) Au deposits. These lower order variations may be the result of different 
physical and chemical conditions during enrichment. 
Correspondence analysis of the multi-commodity data yields a plot with similar properties as the 
primary-only data (Figs. 4C and D). In this analysis, more deposit types are included, and their loadings 
add slightly more noise to the analysis. However, near-caldera distance-bins still are distinct along CA-ax-
is 1. The near-caldera bins plot in the direction of (in decreasing order of magnitude along CA-axis 1) Zn, 
Pb, Hg, S, F, and V. Other commodities that plot in the direction of the near-caldera bins, but to a lesser 
degree, include Ag and Mn. Moreover, the multi-commodity symmetric maps in Figs. 4C and D empha-
size that correspondence analysis is a useful tool for presenting counting statistics in binned distance 
data. In particular, CA permits comparing the distributions of many less-frequently mined metals to those 
15
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Figure 3. Frequency vs. log-distance plots for deposits evaluated in this study. Log-scale used on to emphasize 
patterns from 0 to 50 km from caldera rim (inset in panel A shows the same Ag and random data as the main panel, 
except the x-axis is not plotted with log-scale, for reference). Data are organized on the basis of their associations 
in typical magmatic-hydrothermal settings: Au-Ag-Pb-Zn corresponds to epithermal environments; Cu-Mo-F-Fe to 
porphyry and skarn-related deposits; U-M-F-Hg other common deposits. Left panels (A, C, and E) for primary-only 
analysis. Right panels (B, D, and F) multi-commodity analysis (see text). Dotted lines indicate that the commodity 
is in the high-occurrence group for the multi-commodity analysis, but not for the primary commodity analysis. Ran-
dom data show 100 point pattern simulations with approximately 24,000 points in each. 
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of more commonly targeted commodities. This could be a potentially powerful approach for evaluating 
resources that have fewer known occurrences but whose economic value might increase in the future. 
A near-caldera commodity suite
Proximity and correspondence analysis reveal a tendency of certain deposits to cluster within and 
around calderas. Inspection of Figs. 3 and 4 shows that: 1) near-caldera distance bins tend to be isolated 
along CA axis-1, and more distal bins plot near the origin or away from the near-caldera group. 2) Depos-
its of Pb, Ag, Zn, F, Hg, V and to lesser degrees Cu, Mn, and Bi, plot in similar directions as the near-cal-
dera bins along CA axis-1. We nominally refer to these commodities as near-caldera. 3) W, Au, U, Fe, Sn, 
Nb, Mg, Ni, REE, and Th tend to plot in the direction of increasingly distant caldera bins. Locations of 
these commodities are generally independent of caldera locations.
Some of the commodities included in our analysis show different degrees of association with 
caldera rims, depending on whether the primary-only or multi-commodity analysis is examined. For ex-
ample, primary Mo deposits plot along the same direction of CA axis-1 as the distance bins within 10 km 
of caldera rims. However, when by- or coproduct Mo are also considered the spatial relationship essen-
tial follows a random distribution (Fig. 3D). Likewise, primary Ag has elevated abundance near caldera 
rims, but including mines wherein Ag is not the primary target reduces its frequency within 10 km of a 
rim (Fig. 3B). This shift is shown on Fig. 4, where Ag moves towards the origin for the multi-commodity 
analysis. Although Bi is not shown on Fig. 3 (n = 37 and 83 for primary-only and multi-commodity anal-
yses, respectively), it shows a similar shift as Mo and Ag. That is, it plots in the direction of the near-cal-
dera bins along CA axis-1 for the primary-only symmetric map, but moves towards the origin when it is 
considered as byproduct.
Based on the groupings described above and reviews of mineralized calderas in existing liter-
ature (Lipman and Sawyer, 1985; Elston, 1994; Rytuba, 1994; Henry et al., 1997; Garden et al., 2017), 
the near-caldera types likely include shallow epithermal systems such as high- to low-sulfidation Ag-Pb 
± Zn deposits (Hedenquist and Lowenstern, 1994) and hot-spring Hg deposits (Rytuba and Glanzman, 
1978; Rytuba, 2003). Primary F and Mo producers all show a spatial tendency to form near calderas, 
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Figure 4. Scatter plots (“symmetric maps”) showing correspondence analysis results. A & B: results for the analysis 
of primary-only commodities. Note that in panel B, Pb, Zn, Ag, Hg, and F (labeled squares) plot in the direction of 
< 10 km distance bins (red circles), indicating that distribution of these primary commodities tend to cluster near 
calderas. In contrast, Au, U, W, and As plot in the direction of more distal bins (generally > 40 km). C & D: results 
for multi-commodity analysis. In panel D, Pb, Zn, Hg, F, and S plot in the same direction as < 10 km distance bins, 
whereas W, REE, Nb, and Fe plot in the opposite direction. Also note that Mo and Bi plot in the direction of < 10 km 
distance bins along CA axis-1 in panel B, but these commodities plot near the origin in panel D. This suggests that 
mines with primary Mo and Bi show a stronger affinity to near-caldera environments than mines with byproduct Mo 
or Bi. Percentages in parenthesis correspond to the percentage of total inertia explained by each axis.
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deposits; Ludington and Plumlee, 2009). This could also explain the slightly elevated occurrence of Mn 
deposits near caldera rims (Fig. 3; Lüders et al., 2008; Ludington and Plumlee, 2009; Rosera et al., 2013). 
Fluorine, Hg, and S show an affinity for near-caldera environments and are elements that are volatiles, 
or easily volatilized, in magmatic-hydrothermal systems. This is perhaps unsurprising, given that caldera 
systems are inherently associated with shallow, hydrous magma bodies. However, these results indicate 
that near-caldera environments could be associated with an unusually high flux of magmatic-fluids (in-
cluding water) into shallow caldera structures. 
Limitations and sensitivity to highly mineralized calderas
Many individual examples of caldera-mineral deposit systems can be identified that do not follow 
the general spatial relationships discussed herein; the varied geological histories across the study area un-
doubtedly yield a significant amount of noise in the dataset. Moreover, we do not claim that calderas can 
fully explain all of the deposits in the near-caldera group. This case study simply points out that calde-
ra-forming systems appear to make deposits in the near-caldera group more likely to form – not a certain-
ty. Indeed, there could be some hesitation that such an approach suffers from the problem of “correlation 
is not causation”, but that requires fortuitous placement of mines with co-product F or Zn, and those 
whose primary product is Ag or Pb. We know of no way how these four commodities would randomly 
form near-calderas whereas others, such as Fe, W, and the REEs would not. The random data indicate that 
only 11.6% of the points should occur within 10 km of a caldera rim, whereas some of the near-caldera 
products have more than 25% of mines within this same range. Potential mechanisms linking mineraliza-
tion of the near-caldera group to calderas are explored in more detail below.
There is potential for sampling bias because mineral prospectors historically targeted faults. How-
ever, many of the calderas in the study area were identified decades after peak mining activity. Historic 
prospecting therefore did not preferentially focus on calderas, but rather on mineralized fault or fracture 
systems. Our dataset has removed occurrences and prospects and only includes mines that are active or 
have produced – that is, the commodity was enriched enough such that someone staked an investment 
into it. Consequently, the data suggest that prospectors who targeted structures near calderas were more 
likely to find appreciable enrichment of Ag, Pb, F, Hg, or Zn. It does not suggest prospectors knew the 
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calderas were there and biased the dataset towards caldera rims.
This analytical approach will miss some important economic deposits. In setting up the analysis, 
the mineral producers that were evaluated included not only economic, ore-grade deposits, but also trace 
mineralization that could be useful information in the absence of regional chemical data. Thus, numerous 
deposits of economic importance are probably not fully captured. Most notably, Au is excluded as being 
classified as characteristic of the near-caldera environment, as a result of how the data were compiled. 
Because Au is such a highly targeted commodity, it has producers from an enormous range of geological 
environments (sedimentary, metamorphic, and igneous). As such, although there are numerous examples 
of Au-bearing deposits near calderas (e.g., Round Mountain), statistically the spatial association of Au 
with calderas is obscured by the high frequency of other occurrences. Application of this methodology 
based on mineral deposit classifications would lend further insight into spatial patterns of Au deposits, but 
is ultimately beyond the aim of the current study. Finally, this analysis did not capture Li as a key mineral 
commodity in calderas, despite evidence for Li-enriched magmas that weather and form Li-clay deposits 
(Benson et al., 2017). Because the dataset contains only 27 Li deposits the commodity is probably under-
sampled, despite its increasing economic importance.
Because the results described above are based on counting statistics, it is possible that one or a 
few caldera systems with unusually high abundances of mineral producers can dominate the results. This 
possibility was evaluated for the most frequent mineral producers near calderas (Ag, Pb, Zn, F and Hg; 
Figure 5). Numerous observations can be made by examining the frequency of mineral producers of pri-
mary Ag-Pb and multi-commodity Zn-F-Hg within 10 km of calderas: 1) most (70%) of the caldera rims 
occur within 10 km of one of these deposits, but the proportion of each commodity is variable. 2) With 
the exception of Pb-Zn deposits in the Silverton caldera, the high frequency of Ag-Pb-Zn-F-Hg deposits 
near calderas does not appear to be significantly controlled by only a few mineral districts. Removing 
the Silverton caldera and associated mineral deposits from the proximity and correspondence analyses 
describe above does not significantly alter the results. 3) The age of calderas with high abundances of 
nearby Ag and F is evenly dispersed from ~ 76 Ma to ~ 19 Ma. Near-caldera Ag-Pb-Zn and F deposits are 
rare for calderas younger than 18.6 Ma (Silver Creek caldera). Finally, 4) relative to other near-caldera 
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commodities, Hg deposits are more common near young calderas (<~18 Ma). 
CALDERA-MINERALIZATION CONNECTIONS
Combined proximity and correspondence analysis provide a unique way to visualize spatial 
patterns between calderas and mineral deposits. The tendency of specific deposits to be non-randomly 
located near caldera-forming magma systems suggests some mechanisms tie large volume ignimbrites to 
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Figure 5. Barcharts showing the number of mineralized cells within 10 km of a caldera margin (see Methods) for 
the most common near-caldera commodities. The vertical axis has no scale - it is a relative age rank order plot of 
calderas (excludes five with unknown age information). For caldera clusters with less precise geochronology, the 
youngest age was used (i.e., Thompson range). Lack of a bar at any tick-mark on the vertical axis indicates that the 
commodity is not reported within 10 km of that caldera. Length of the bar is determined by the number of reported 
occurrences of the commodity at each caldera (note that the scale of the horizontal axis changes for each commodi-
ty). Calderas or clusters discussed in the text and their ages are highlighted.
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mineralization. We consider numerous processes below and present them in a schematic model (Fig. 6), 
but the list is not meant to be exhaustive. Instead, we emphasize that correspondence analysis provides a 
useful starting point to visualize data and start developing new hypotheses for future studies.
 Structural setting of calderas and associated mineral deposits
There are numerous structural features of the caldera cycle that can increase the probability of 
generating mineral deposits following caldera collapse, including: 1) abundant upper crustal faulting for 
focusing of hydrothermal fluids (Stix et al., 2003; Garden et al., 2017), 2) formation of radially dipping 
ring fractures that create pathways for meteoric water descent and establishment of hydrothermal systems 
capable of leaching large volumes of wallrock (Rytuba et al., 1990; Elston, 1994; Barton et al., 2000; Stix 
et al., 2003), 3) deposition of permeable and reactive volcanic rocks that act as a sink for ascending hot 
fluids (Sander and Einaudi, 1990), 4) structural traps located at intersections of steeply dipping fracture 
systems with sub-horizontal bedding and/or fractures (Garden et al., 2017; Gaynor et al., 2019b), and 5) 
creation of flow paths along trans-crustal faults or shear zones for rapid ascent of magma and their ex-
solved fluids. A common factor among these processes is that they promote rapid movement of melt and 
hydrothermal fluid through the crust and focus them into near-surface sinks that can host mineral deposits.
In the Basin and Range of the western US, the connection between caldera systems and min-
eralization may be obscured by extensional deformation that defines the province. In most cases, peak 
ignimbrite-forming volcanism occurs before major extension (Chapin, 2012; Henry and John, 2013; Best 
et al., 2013). If near-caldera mineralization precedes extension, then mineral deposits hosted along caldera 
structures should experience the same deformation and the spatial relationship between caldera struc-
tures and mineralization should be preserved. An exception would be vertically telescoped hydrothermal 
systems that experienced block faulting; however, we suggest these would be averaged out with our large 
dataset approach. Mineral deposits formed during extension are not necessarily part of the caldera-cycle, 
but reactivation of caldera structures where they intersect extensional faults would enhance fluid flow and 
favor mineralization. Consequently, mineral commodities deposited in a post-caldera setting might have 
elevated occurrences near calderas (< 10 km), and be particularly abundant near ring fractures. In some 
cases, mineralization could be both post-caldera and post-extensional, such as at the Questa Mo deposit 
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(described above). At Questa, mineralizing intrusions were emplaced along the extended southern cal-
dera margin, but the magmas are part of an episodically emplaced ring intrusion that exploited a steeply 
dipping fracture system formed during caldera collapse (Lipman, 1988; Meyer and Foland, 1991; Rosera 
et al., 2013). Mineralization that is younger than major extension near calderas can therefore still exploit 
ring structures, and still result in focused magma or fluid flow near caldera-related structures.
Magmatic tempo of caldera-forming systems
The ability of a given location to rapidly accumulate batches of volatile-rich magma in the upper 
crust, whether by melting particularly fertile source rocks or via magmatic ascent along deep crustal 
structures, is a potentially important mechanism linking caldera-forming systems to mineral deposits. 
Whereas unmineralized plutons intrude at fluxes of 10-3 to 10-4 km3/a (Frazer et al., 2014; Gaynor et al., 
2019a), caldera-forming magma bodies develop where and when the continental lithosphere can gener-
ate unusually high fluxes of hydrous magmas (> 10-2  km3/a; Annen, 2009; Mills and Coleman, 2013). A 
growing body of evidence suggest a magma flux that is intermediate between unmineralized plutons and 
caldera-forming eruptions is a first-order factor in the formation of porphyry Cu deposits in arc environ-
ments (10-2 to 10-3; Caricchi et al., 2014; Chelle-Michou et al., 2017). The highest flux of magmatic fluids 
into the porphyry environment occurs during the incubation phase of magma body assembly; before a 
large upper crustal melt body is assembled when individual magma batches crystallize and exsolve a fluid 
phase (Schöpa et al., 2017). We hypothesize that long-term magma flux in caldera-forming systems is 
variable and that the time frame bracketing the assembly of the caldera-forming magma body achieves 
a magma flux favorable for developing porphyry deposits, and later high flux pulses are possible as the 
magma system is periodically rejuvenated (Fig. 6A). 
Rapid melt accumulation can happen before caldera formation or after. For example, the Hg 
deposits within 10 km of the Caetano caldera in Nevada (Fig. 5) includes Carlin-type Au deposits with 
byproduct Hg. These deposits formed less than 1 Ma before the collapse of the Caetano caldera (Muntean 
et al., 2011). Similarly, high-sulfidation epithermal deposits hypothesized to be related to emplacement 
of a silicic pluton formed 300 ka before the eruption of the Borovista caldera in Bulgaria (Singer and 
Marchev, 2000). The Questa Mo and Round Mountain Au-Ag deposits described earlier formed ~ 500 ka 
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after caldera collapse, and could be related to a rejuvenated high-flux pulse of magmatism after caldera 
collapse. At Questa, volumetrically larger, late-stage intrusions are associated with the waning stages of 
mineralization (Gaynor et al., 2019b), and could represent diminished volatile flux associated with melt 
accumulation at depth. 
Thus, a link to an ability to generate unusually high fluxes of magmas and associated fluids can 
also explain why some commodities are non-randomly located in and around caldera-forming magma 
systems. Clearly this will not explain every situation. Some of the deposits in the study area might have 
little magmatic character, and our methodology does not allow us to assess other critical mineralization 
processes (i.e., brine/vapor partitioning; Heinrich et al., 1992). However, we emphasize that correspon-
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Figure 6. A. Hypothetical magma flux in a caldera-forming magma system. Initially, the system has low flux and 
forms plutons. Magma flux sharply increases, and rates greater than 0.01 km3/a result in evacuation of upper crustal 
magma and formation of caldera (vertical gray bar). Slightly lower flux (0.001 – 0.01 km3/a) is associated with mag-
ma flux that can sustain magmatic-hydrothermal systems without forming an eruptible magma body (red vertical 
bars). B. Cartoon model depicting upper crustal and deep continental (note, break in vertical axis) environments that 
are proposed to create favorable conditions for F-rich magmatism after caldera eruption. Includes depictions show-
ing environments for trace to economic Ag-Pb±Zn mineralization and primary Mo deposits.
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might not have been considered previously. In that sense, it provides a useful framework to begin formu-
lating new ideas to disentangle complex systems.
Near-caldera fluorine deposits: evidence for dehydrated melt source?
That deposits containing by- or coproduct F tend to cluster in and around calderas is intriguing, 
because increased F concentration of silicic melts results in higher H2O saturation (Holtz et al., 1993), 
and it significantly decreases the viscosity and solidus of silicic magmas (Manning, 1981). The differ-
ence in physical properties of F-rich magmas relative to F-poor counterparts in turn influences: 1) how 
and where magmas are intruded in the upper crust, 2) how they crystallize and differentiate, and 3) the 
timing in which they evolve magmatic fluids and the volume of H2O that can be released (Candela and 
Holland, 1984; Candela, 1986; Holtz et al., 1993). Detailed petrologic data suggest physical properties 
of F-rich silicic magmas leads to exsolution of magmatic fluids with anomalously high Mo, Bi, Ag, Zn, 
and Mn (Mercer et al., 2015) - similar to the commodities that plot in the direction of near-caldera bins on 
CA axis-1 (Fig. 3). The elevated occurrences of F near caldera rims could represent the shallow levels of 
deeper silicic magma bodies that exsolved fluids rich in Mo, Bi, Ag, and Zn, which suggests that post-cal-
dera environments are somehow favorable for generating F-rich magmas.
More research is required to evaluate this observation, but we speculate that one explanation is 
because previously melted or dehydrated source rocks can generate F-rich magmas (Fig. 6; Collins et al., 
1982; Landenberger and Collins, 1996). Extraction of caldera-forming magma bodies could dehydrate the 
source region in the lithosphere during fluid-absent partial melting of hydrous minerals (amphiboles, mi-
cas). However, domains with F-rich hydrous minerals are stable at higher temperatures, and would remain 
in the residuum (Holloway and Ford, 1975). Continued heating and subsequent melting of the more F-rich 
domains will yield magmas with elevated F activities. Porphyry Mo deposits in China are posited to be re-
lated to a gradually dehydrating sub-continental lithospheric mantle (Liu et al., 2017). We suggest calde-
ras could represent a more rapid path for dehydration (of either the mantle, or the overlying crust), which 
in turn influences the composition and volatile chemistry of melts derived from that source at a later time.
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CONCLUSIONS
The statistical framework used in this study provide an easily reproducible dataset that could be 
useful for other studies that test the spatial relationship of trace- and economic mineralization to specific, 
mappable, geological environments. Correspondence analysis provides a relatively quick method to assess 
characteristic commodities of geological systems in space. This study demonstrates a use in analyzing 
large datasets of productive mines. The ability of correspondence analysis to add weight to less-frequent 
commodities makes it an excellent tool for evaluating common by- or coproduct minerals. 
In the case study presented here, we find evidence that caldera systems favor the formation of 
a characteristic suite of minerals, including deposits with primary Ag and Pb, and by- or co-product F, 
Zn, or Hg. Correspondence analysis permits exploration of data in a manner that can highlight potential 
mechanisms that might not have been considered previously. Several processes associated with caldera 
magmatism may create favorable conditions for deposits in and around calderas, including: 1) structur-
al favorability formed by complex brittle deformation associated with caldera collapse and subsequent 
reactivation during extension; 2) a general ability to rapidly emplace hydrous magmas in the shallow crust 
at a rate that can sustain large fluid fluxes; and 3) a potential link between near-caldera commodities and 
emplacement of F-rich magmas late in the life cycle of caldera systems. Large volume silicic calderas 
are viable regional exploration targets with the potential for exploration of vertically stacked mineralized 
systems. Moreover, dense clusters of Pb, Ag, F, Zn, or Hg deposits could be further evaluated for their 
relationship to caldera-forming eruptions. When combined with field mapping, structural, and geophysical 
data, the location and type of mineral deposits could be used to aid in delineation of previously unidenti-
fied, or poorly mapped, calderas.
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CHAPTER 3: TRACING F AND CL IN SILICIC INTRUSIONS FROM SOURCE 
TO SINK: LINKING DEEP CRUSTAL XENOLITHS TO AN UPPER CRUSTAL      
MAGMA SYSTEM
INTRODUCTION 
Fluorine-rich granites and rhyolites are often associated with economic mineral deposits of Sn, 
W, Be, U, F, Mn, Y, and REEs (Burt et al., 1982; Carten et al., 1993; Lüders et al., 2008; Liu et al., 2016; 
Dostal et al., 2016; O’Neill et al., 2017; Dailey et al., 2018). Many of these resources are designated as 
“critical minerals” by the United States because of their importance to national economy or security, and 
the susceptibility of their supply chain to disruption (Fortier et al., 2018). Moreover, numerous active or 
recently active Mo-producing mines in the western United States are associated with F-rich granites (Lud-
ington and Plumlee, 2009). Consequently, there is considerable interest in exploring models regarding the 
origin and distribution of F-rich granitic systems.
Despite decades of research, there remains significant uncertainty regarding the role of deep 
crustal processes associated with the generation and evolution of F-rich granitic systems, and in particular 
porphyry Mo-F deposits. Investigations into the composition of quartz-hosted melt inclusions suggest 
intrusions and mineralizing fluids associated with porphyry Mo deposits are only moderately enriched in 
ore metals with respect to unmineralized intrusions (Klemm et al., 2008; Audétat, 2010, 2015) and there-
fore did not come from a primarily Mo-rich melt source. Instead, other factors such as the volatile content 
and the solubility of water in silicic melts are potentially key components that drive magma evolution 
towards forming a porphyry deposit (e.g., Candela and Holland, 1984; du Bray, 2007). Audétat (2015) 
suggested F-rich granites and rhyolites could form by low-degree partial melting of sources that are pri-
marily enriched in F. However, it is not clear which, if any, specific source rocks are ultimately responsi-
ble for generating F-rich mineralizing intrusions. Some authors suggest ancient metasomatized lithospher-
ic mantle is essential for creating porphyry deposits (Pettke et al., 2010; Liu et al., 2019), but others argue 
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for an intermediate- to felsic crustal source (Stein, 1985; Stein and Crock, 1990), or a hybridized zone 
of juvenile mafic and pre-existing crust (Rosera et al., 2013; Dailey et al., 2018). Traditional whole-rock 
isotopic, major, and trace element data are often used to distinguish between crust and mantle sources, 
however they do not lend any insight regarding the role of F in these systems, because it is degassed upon 
crystallization and therefore do not reflect magmatic abundances.
The ~ 29 to 28 Ma Never Summer igneous complex provides an opportunity to test if F and Cl 
in a topaz- and fluorite-bearing granite are ultimately supplied from the upper mantle or deep crust. The 
complex hosts an upper crustal batholith that formed via mixing of mantle-derived mafic melts and silicic 
magmas derived from deep crustal anatexis (Jacob et al., 2015). The Never Summer igneous complex is 
located ~ 60 km south of a suite of kimberlite-hosted deep crustal xenoliths in the State Line district (Fig. 
1). Radiogenic isotope data from the xenoliths and the Never Summer batholith as well as trace element 
models indicate silicic melts of the Never Summer system are low-degree partial melts derived from the 
mafic lower crust (Jacob et al., 2015). The mafic lower crustal xenoliths therefore present an opportunity 
to compare silicic magmas to deep crustal source rocks. In this study, we combine amphibole electron 
microprobe analyses (EMPA) from mafic granulite xenoliths of the State Line kimberlite district with ex-
isting chemical and petrographic data (Bradley and McCallum, 1984; Bradley, 1985; Farmer et al., 2005) 
to directly test if mafic lower crust of northern Colorado is enriched in F and Cl. We use EMPA of biotite 
from a range of igneous rock compositions in Never Summer batholith to estimate F and Cl abundances, 
and we compare those data to partial melting models of mafic lower crust, as represented by the xenoliths. 
Ultimately, we show the deep crust of northern Colorado contains amphibole that is unusually enriched 
in both F and Cl and that silicic anatectic melts of the Never Summer complex inherited their high F (and 
Cl) directly from a deep crustal source.
GEOLOGICAL SETTING
Lower crustal mafic granulite xenoliths
Xenolith-bearing kimberlite dikes and diatremes located near the Colorado-Wyoming border in-
truded during the Neoproterozoic and again in the Devonian (Lester and Farmer, 1998; Fig. 1). Xenoliths 
are predominantly mafic granulites and can broadly be split into garnet-bearing and garnet-free groups. 
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Amphibole is locally abundant (< 30%) in the garnet-free samples, which also contain trace to minor 
quartz, alkali feldspar, rutile, ilmenite, zircon, and apatite (Bradley, 1985). Trace biotite is present in a few 
samples. The progression from garnet-bearing, to garnet-free, ± amphibole, and eventually garnet-free, 
amphibole ± biotite is interpreted to reflect compositionally similar rocks that equilibrated at increasingly 
shallow depths. (Bradley and McCallum, 1984; Bradley, 1985).
Previous research established that the mafic granulite xenoliths represent Paleoproterzoic (~ 1.7 
Ga) lower crust that has, at least in parts, experienced a partial melting event at or after crust stabilization. 
Whole-rock major and trace element abundance variations are consistent with crystallization of mafic 
magma with olivine and pyroxene as fractionating phases (Farmer et al., 2005). Whether or not these 
mafic magmas are arc-related or associated with an intraplate environment is unclear because some of 
the trace elements used to fingerprint these settings (e.g., Pb and LREEs) could have been introduced by 
the kimberlite host (Farmer et al., 2005). Zircon U/Pb geochronology indicate primary crystallization 
occurred around ~ 1.72 Ga, followed by a second zircon crystallization event at ~ 1.36 Ga (Farmer et al., 
2005). A suite of low La/Yb samples is interpreted to represent the residue of garnet-bearing partial melt-
ing event, but it is unclear if this partial melting event is related to the younger zircon population. Peak 
metamorphic conditions estimated from garnet-plagioclase-pyroxene thermobarometry range from 1.1 – 
1.2 GPa and 700 – 800 °C for rocks with high La/Yb (Farmer et al., 2005).
Never Summer igneous complex
The Never Summer igneous complex is located in north-central Colorado and consists of an inter-
mediate to felsic volcanic field and a composite batholith (Knox, 2005; Cole and Braddock, 2009; Jacob 
et al., 2015). The Never Summer batholith contains two plutons (Mount Richthofen and Mount Cumulus; 
Fig. 1) and numerous dikes and sills. The Mount Richthofen pluton was assembled between 28.98 Ma 
and 28.74 Ma and varies from a monzodiorite in the east (SiO2 ~ 55 wt.%) to a monzogranite in the west 
(SiO2 ~ 67 wt.%; Jacob et al., 2015). Mafic enclaves occur in the eastern portion of the pluton. Major and 
trace element abundances and Sr, Nd, and Pb isotopic ratios vary regularly with increasing whole-rock wt. 
% SiO2 (Fig. 2). Jacob et al. (2015) conclude that the Mount Richthofen pluton formed via open-system 
mixing of primary mafic melts similar to the observed mafic enclaves and silicic anatectic melt of deep 
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mafic continental crust. 
Whole-rock Nd and Sr isotopic compositions of the silicic rocks in the Never Summer complex, 
including the youngest portion of the Mount Richthofen stock, are similar and overlap the values expected 
for partial melting of Precambrian mafic lower crust (Jacob et al., 2015). Batch melting models of lower 
crust represented by garnet-free two-pyroxene granulites from the State Line district accurately reproduce 
primary silicic anatectic melts. However, there is considerable variability in trace element abundances in 
the highly silicic rocks (SiO2 > 75 wt.%) with samples from the Mount Cumulus pluton showing variable 
decreases in LREE and alkali element abundances, consistent with removal of plagioclase, alkali feld-
spar, apatite, and allanite from an evolving silicic melt. The Mount Cumulus pluton contains topaz and 
fluorite, and is compositionally comparable to topaz rhyolites located within the Colorado Mineral Belt 





































Figure 1. Simplified maps showing 
study area locations and geology 
of the Never Summer batholith. 
(a) Inset map of Colorado showing 
location of the State Line kimber-
lite diatreme district (blue dot) and 
Never Summer igneous complex. 
Gray outline delineates the Colorado 
mineral belt (CMB). HPT – Hide-
away Park tuff (near the Henderson 
Mo mine), CM – Chalk Mountain 
rhyolite (outside of the Climax Mo 
mine). (b) Simplified geological map 
modified after O’Neill (1981) show-
ing locations of samples discussed in 
the text.
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samples of the Mount Cumulus pluton yield indistinguishable U/Pb zircon ages of ~ 28.17 Ma (Chapter 
4), suggesting that highly silicic magmatism continued ~ 500 to 700 ka after final crystallization of the 
Mount Richthofen stock.
METHODS
We use electron microprobe analyses (EMPA) of amphibole from garnet-absent two-pyroxene 
granulite xenoliths to derive a first-order estimate of halogen contents of the posited source rocks for Nev-
er Summer silicic melts. Moreover, we use biotite EMPA from the Mount Cumulus and Mount Richthofen 
plutons to track the evolution of F-rich highly silicic magmas in the shallow crust. A combination of new 
and previously analyzed samples were used to investigate the relationship between lower crust granulite 
xenoliths and the silicic magmas associated with the Never Summer igneous complex. Five thin sections 
of amphibole-bearing two-pyroxene granulite xenoliths from the Sloan and Nix diatreme pipes in the 
State Line district (Fig. 1) were selected for electron microprobe analysis. These samples were previously 
characterized by Bradley (1985), but those amphibole EMP analyses were limited to two samples and did 
not measure halogen abundances.
Electron microprobe analyses were performed on the JEOL JXA-8600 located at the University 
of Colorado Boulder. All wavelength dispersion analyses were performed with an accelerating voltage of 
15 kV, a beam current of 10 nA, and 2 μm spot size. The analysis measured Cl and F first in the sequence 
and intensities were corrected for time-dependent intensity. The 99% confidence of Cl and F were ~ 0.012 
and 0.14 wt.%, respectively. The molar proportions of ferric and ferrous iron in amphibole were estimated 
after the methodology of Holland and Blundy (1994). All Fe in biotite is assumed to be ferrous.
One whole-rock sample (NS17-05) collected from the western part of the Mount Cumulus pluton 
was selected to compare to previously published geochemical data. This sample was pulverized to fine 
powder with an alumina-ceramic SPEX 8530 shatterbox and sent to Actlabs (Ontario, Canada) for major 
and trace element analysis. The powder was fused with a mixture of tetraborate/metaborate and analyzed 
with either ICP-OES (major elements and Ba, Sr, Zr, Sc, Be, and V) and ICP-MS (other trace elements).
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RESULTS
Sample NS17-05 is a highly silicic granite porphyry (77 wt.% SiO2) and has higher Sr and lower 
Rb than the other two Mount Cumulus samples selected for biotite analysis (Fig. 2; Table 1). We refer to 
Mount Cumulus samples with < 5 ppm Sr as “low Sr Mount Cumulus”, although they also show promi-
nent depletions in Ba, Eu, and Ti (Jacob et al., 2015). 
Results for xenolith amphiboles are presented in Table 2 and select compositional plots in Fig-
ure 3. Amphibole data are normalized to 23 oxygen units + 2 (OH, F, Cl). Biotite results from the Never 
Summer igneous rocks are normalized to 22 oxygen units + 4 (OH, F, Cl) and are presented in Table 3 


































Figure 2. Select whole-rock major and trace element con-
centrations of samples from the Never Summer batholith. 
Linear trends in major element composition of the Mount 
Richthofen pluton were previously interpreted to signify 
mixing of mafic and silicic magma components. Mount 
Cumulus pluton samples all have SiO2 > 75 wt.%, but show 
large variations in terms of Sr and Rb abundances (note log 
scale). Dotted circle highlights samples referred to as “low 
Sr Mount Cumulus” in the main text. Sources include Jacob 
et al (2015) and this study (sample NS17-05).
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and summarized in Figure 4. Biotite data for sample 10-KJ-MR-109 are from Jacob (2013). Amphibole 
nomenclature discussed herein follows Leake et al. (1997) and biotite nomenclature is after Rieder et al. 
(1998).
Amphibole compositions and thermobarometry
All amphiboles examined are F-rich with 0.56 to 1.38 wt. % F, corresponding to 0.27 and 0.67 
atoms per formula unit F (apfu). Chlorine concentrations range from 0.45 to 0.73 wt.% Cl (0.12 to 0.19 
apfu Cl) and broadly show a positive correlation with F with a slope of 2.2 (R2 = 0.52; Fig 3a). Titanian 
amphibole (0.25 < Ti apfu < 0.49) is present in each sample and potassic pargasite (K > 0.5 apfu) is found 
in three samples. There are relatively limited ranges of Mg# (0.53 – 0.58), Si (5.94 – 6.23 apfu), Ca (1.78 
– 1.85 apfu), and IVAl (1.75 to 2.06 apfu; Fig. 3; Table 2).
The presence of ilmenite (and rutile) in the two-pyroxene mafic granulites permits use of the 
semiquantitative Al2O3-TiO2 amphibole thermobarometer calibrated for basalts by Ernst and Liu (1998). 
Amphibole in sample SD2-LC78 are compositionally distinct from other xenoliths and we it equilibrated 
at 0.5 – 0.75 GPa and 820 – 880 °C. The remaining samples yield values ranging from 0.6 to ~ 1.0 GPa 
and 870 – 940 °C (Fig. 5). These pressure estimates are lower than peak metamorphic conditions calcu-
lated for garnet-pyroxene-plagioclase xenoliths from the State Line district (Farmer et al., 2005), but the 
temperature estimate is up to 140 °C hotter than peak conditions estimated by Farmer et al. (2005).
Biotite from the Never Summer batholith
Biotite from two samples of the low-Sr Mount Cumulus pluton are compositionally similar and 
have small ranges of XMg (0.025 – 0.029), ΣAl (3.22 – 3.42 apfu), Mn (0.10 – 0.11 apfu), and Ti (0.20 – 
0.22 apfu). They have a greater siderophyllite component than other crystals analyzed in this study, but 
are within the range observed for biotites in topaz rhyolites (Fig.4a). Fluorine concentrations are similar 
in both samples (3.9 to 4.8 wt.%), however Cl shows a wide range within, and across samples (0.21 to 
0.39 wt.%; Fig. 4b). 
The Mount Cumulus sample collected near Baker Pass (NS17-05) contains biotite with higher 
XMg (0.31 – 0.35), Ti (0.30 – 0.33 apfu), Mn (0.13 – 0.19 apfu) and Cl (0.42 – 0.45 wt.%, but lower ΣAl 







































































Figure 3. Select plots showing composition of amphiboles from two-pyroxene mafic granulite xenoliths of the State 
Line diatreme district. (a) Cl versus F in wt.%. Gray line is a linear regression through all of the State Line xenolith 
data. (b) Fe2+/(Fe2+ + Mg) versus Cl (in apfu). Gray line is a linear regression through all of our samples. (c) K ver-
sus F (both in apfu). Note that sample SD2-LC78 is an outlier. Dashed field shows amphibole compositions from the 
ultrahigh temperature (UHT) Highland Complex in Sri Lanka (Sajeev et al., 2009). (d) IVAl versus Ti. Dashed field 
as in panel (c). Literature data are from: Selverstone et al., (1999) and Farmer et al. (2005; lower crust xenoliths), as 
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Figure 4. Select plots showing the composition of biotite from the Never Summer batholith. (a) Biotite quadrilat-
eral; total Al versus Fe / (Fe + Mg), all in apfu. Gray fields with dashed outlines correspond to other topaz rhyolites 
from the western United States (after Christian et al., 2007). Italicized biotite end-member names correspond to their 
closest corner on the quadrilateral. (b) Xphlogopite versus Cl (in wt.%). (c) log(Cl/OH) versus log(F/OH). Dashed purple 
and red lines correspond to linear regression for biotite from samples 10-KJ-MR-109 (silicic Mount Richthofen) 
and NS17-05 (Mount Cumulus granite). (d) Xphlogopite versus F (in wt.%). Note that F in Mount Cumulus increases for 
decreasing Xphlogopite across samples, which is in violation of the Fe-F avoidance principal.
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log(Cl/OH) are positively correlated (Fig. 4c).
Biotite analyzed from the silicic portion of the Mount Richthofen pluton have slightly higher XMg 
(0.55 – 0.58) and Ti (0.55 – 0.64 apfu) than those analyzed from the mafic portion pluton (Jacob, 2013), 
and much higher than those from Mount Cumulus (Fig. 4). Halogen abundances range from 0.66 to 0.85 
wt.% F and 0.12 to 0.18 wt.% Cl. This sample also has a weak positive correlation between log(F/OH) 
and log(Cl/OH) (Fig. 4c).
DISCUSSION
Interpretation of amphibole data from mafic granulite xenoliths
Alteration of the State Line Xenoliths
Bradley (1985) concluded amphibole in the two-pyroxene granulites appeared to be in equilib-
rium with surrounding minerals. Numerous K-feldspar and barite rims and veinlets are present in the 
State Line xenoliths, but no significant core-to-rim variations in K abundances were observed in amphi-
bole during this study. Plagioclase is variably altered within individual thin sections and across multiple 
samples, but amphibole appears unaffected (Fig. 6). There is no correlation between alteration intensity 
of feldspar and amphibole compositions. We conclude the amphibole crystals analyzed in this study are 
unaffected by alteration associated with the kimberlite host rock.
P-T equilibration conditions
In the State Line xenoliths, chlorine has weak positive correlation with Fe2+/(Fe2+ + Mg), most no-
tably within individual samples (Fig 3b). This is consistent with the Mg-Cl avoidance principal (or Fe-F 
avoidance) in amphiboles and micas (Rossenberg and Foit, 1977; Munoz, 1984). However, the relatively 
poor correlation suggests other factors beyond amphibole composition might have influenced the halogen 
abundances (Morrison, 1991; Aranovich and Safonov, 2018).
Mafic lower crustal xenoliths from other xenolith suites in the western United States (e.g., the 
Navajo volcanic field and Leucite Hills) yield equilibrium pressure estimates similar to those from the 
State Line xenoliths (0.8 – 1.2 GPa; Selverstone et al., 1999; Farmer et al., 2005). With the exception of 
sample SD2-LC78, amphibole from the State Line mafic granulite xenoliths have higher concentrations of 
K, Ti and IVAl, corresponding to higher equilibration temperatures at a given pressure (Spear, 1981; Fig. 
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3). The unusually high K contents of pargasite from the State Line xenoliths further corroborate the high 
temperatures we estimated with the semi-quantitative Al2O3-TiO2 thermobarometer. The high Ti and 
IVAl 
abundances in the State Line pargasite are similar to fluorian pargasite in the ultrahigh temperature (UHT) 
Highland Complex in Sri Lanka (Sajeev et al., 2009). Pargasite from the Highland Complex is shown 
to be stable up to 950 °C and 1.0 GPa (Sajeev et al., 2009). Fluorine-rich pargasite breakdown at higher 
temperature than their F-poor counterparts because substitution of F into the hydroxyl site expands the 
thermal stability of the mineral (Holloway and Ford, 1975; Tsunogae et al., 2003; Sajeev et al., 2009). The 
high F (and Cl) concentrations observed in amphibole from the State Line district could therefore stabi-
lize mafic lower crust and allow it to equilibrate at temperatures in excess of 800°C without significant 
dehydration or partial melting. Taken altogether, these observations strongly suggest that the mafic lower 
crust of northern Colorado was subjected to high to ultrahigh temperature (> 900 °C) peak metamorphic 
conditions.
Origin of halogen-rich amphiboles
The F- and Cl-rich amphibole observed in this study could originate from: 1) a F- and Cl-rich 
protolith, 2) enrichment of halogens in residuum following partial melting, and/or 3) an external influx of 





























(Farmer et al., 2005)
SD2-LC78 amph
amph, all others Figure 5. Plot showing isopleths 
of TiO2 (solid lines) and Al2O3 
(dashed lines) in P-T space after 
Ernst and Liu (1998). Colored 
boxes correspond to range of 
values measured in amphiboles 
from the State Line two-pyrox-
ene mafic granulites. Red box 
includes all analyses other than 
those from SD2-LC78 (see Fig. 
3). For comparison, the P-T range 
estimated for peak metamorphism 
of garnet-bearing lithologies from 
the State Line District are overlain 
(gray box; Farmer et al., 2005).
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deep crust (Bradley and McCallum, 1984; Farmer et al., 2005) and therefore could retain their igneous 
compositions. Experiments run at P and T conditions comparable to the State Line samples yield am-
phibole-melt partition coefficients for Cl typically lower than 0.4 (Hauri et al., 2006; Dalou et al., 2012), 
which would require the amphibole we analyzed to be in equilibrium with a melt with > 1.1 wt.% Cl. 
Primitive basaltic magmas typically have < 1 wt.% Cl, and most are less than 0.2 wt.% (Van den Bleeken 
and Koga, 2015; Webster et al., 2018). This suggests that the halogen enrichment is probably not a prima-
ry feature. 
Partial melting experiments demonstrate phlogopite in equilibrium with a melt phase has great-
er F abundance than the starting phlogopite (Dooley and Patiño Douce, 1996). This predicts that as the 
modal abundance of hydrous phases decreases during melting, residual phases will become enriched in 
F. However, such a trend is not apparent in the State Line xenoliths. Furthermore, Cl has a slightly larger 
ionic radii than F and should behave incompatibly during partial melting, which should create a negative 
relationship between F and Cl concentrations, but our data show a clear positive trend. We conclude that 






Figure 6. Back-scattered 
electron image of amphibole 
(analysis 4) from sample 
NX4-LC2. This xenolith 
contains variably altered 
plagioclase (two examples 
are highlighted by dashed 
blue lines) but this effect 
showed no influence on 
amphibole measurements. 
Bright minerals located 
around grain boundaries 
are mostly barite that was 
introduced by host kimber-
lite (see text). Amphibole 
(amph) show no significant 
disequilibrium textures or 
obvious zonations. opx – 
orthopyroxne, cpx – clino-
pyroxne, plag – plagioclase 
(black and gray areas).
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Thus, we suggest that the amphibole in the State Line xenoliths equilibrated with an externally 
derived fluid. Hot, F-rich fluids are hypothesized to be the source for F-rich pargasite in mafic granulites 
in east Antarctica (Tsunogae et al., 2003). Amphibole from the State Line xenoliths have lower F/Cl 
ratios, as well as higher Cl and Fe2+/(Fe2+ + Mg) ratios than those described by Tsunogae et al. (2003). The 
exsolution of Fe- and Cl-rich brines associated with mafic magmas that intruded deeper in the crust could 
satisfy the estimated high temperatures during peak metamorphism. Such a model might also explain 
why the biotite-bearing sample (SD2-LC78), which is probably from a shallower portion of the crust than 
the other samples, has lower halogen concentrations. However, more detailed work is required to fully 
explore if external fluids are viable origin for the fluorian pargasite from the State Line xenoliths.
Interpretation of Never Summer batholith biotite data
The concentrations of F and Cl in biotite from the Never Summer batholith show varying rela-
tionships with respect to Mg (Fig. 4). Data across the two Mount Richthofen samples follow Fe-F avoid-
ance; the silicic sample of Mount Richthofen (10-KJ-MR-110) has higher Xphlogopite and F, and lower Cl 
than the more mafic sample. However, comparison of three samples from the Mount Cumulus granite 
show the Fe-F avoidance principal for biotite has been violated. Biotite from the low Sr Mount Cumu-
lus samples have extremely low Xphlogopite components and high F relative to the sample from the western 
portion of the pluton (Fig. 4a). 
The Mount Cumulus granite has been described as an intrusive equivalent to well-documented 
topaz rhyolites found throughout the western United States (Christiansen et al., 2007; Jacob et al., 2015). 
Biotite in the low Sr Mount Cumulus samples are analogous to those from the Honeycomb Hills topaz 
rhyolite (Congdon and Nash, 1991; Byrd and Nash, 1993) in terms of their Fe/Mg, total Al, log(F/OH) 
and log(Cl/OH) values (Fig. 4c). Although the Honeycomb Hills biotite are depleted in Mg, they have 
been shown to have erupted from a melt with 1 – 3 wt.% F (Byrd and Nash, 1993). Two topaz rhyolites, 
the Hideaway Park tuff and Chalk Mountain rhyolite, are located south of the Never Summer complex in 
the Colorado mineral belt and are associated with the Henderson and Climax Mo deposits, respectively 
(Mercer et al., 2015; Audétat, 2015). Notably, biotite from these Mo deposits have much higher F and 
lower Cl than what is observed in Mount Cumulus (Fig. 4). These data suggest that the Mount Cumulus 
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granite might not have attained the high F/Cl values associated with economic Mo mineralization.
Tracing F and Cl from source to sink in northern Colorado
The presence of primary fluorite suggests the highly silicic Mount Cumulus granite reached high 
concentrations of F before final crystallization. However, it is unclear if the primary silicic melts that 
ultimately formed the Mount Cumulus granite were enriched in F and Cl in the source or if enrichment is 
was the result of shallow magmatic differentiation. These problems are addressed by combining: 1) esti-
mates for F and Cl abundances in the mafic lower crust, as sampled by the amphibole-bearing State Line 
xenoliths; 2) estimated concentrations of F and Cl in the Never Summer magmas through biotite compo-
sition data; and 3) simple batch melt and crystal fractionation models to evaluate if halogen budgets were 
controlled at the magmatic source or emplacement level.
Estimation of F and Cl abundances in garnet-free mafic lower crust
By combining our amphibole EMPA with modal abundance data for the same xenolith samples 
we are able to derive a first-order estimate for abundances of F and Cl in the mafic lower crust of north-
ern Colorado. The estimates provided here are minima, as we do not account for halogens in nominally 
anhydrous minerals, nor did we analyze trace apatite that is present in the State Line mafic granulites. The 
average modal abundance in apatite in the samples we analyzed is 2% (Bradley, 1985), which would add 
0.04 wt.% F to our whole-rock estimate for an apatite with 2 wt.% F. Using this approach, it is estimated 
that the xenoliths we analyzed contain at least 0.04 to 0.20 wt.% F and 0.02 to 0.10 wt.% Cl. The lowest F 
estimate is associated with sample SD2-LC78, which has amphibole with the lowest F and Cl concentra-
tions, slightly lower total Al (and IVAl), and is the only sample that contains biotite (~ 0.2 modal %). We 
tentatively interpret these data to reflect variable F and Cl abundances within the garnet-free mafic lower 
crust, with lower values in shallower rocks. 
Estimation of F and Cl abundances in Never Summer silicic magmas
Experimental studies that relate F and Cl abundances in biotite to their host melt are scarce. Icen-
hower and London (1997) estimated biotite-melt partition coefficients for F and Cl as a function of Mg, F 
and Cl abundances in biotite. However, their experiments were conducted with high silica rhyolite over a 
limited range of temperatures (640 – 680 °C) that are not necessarily applicable to intermediate magmas 
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such as the Mount Richthofen pluton. A formulation by Zhang et al. (2012) combines relationships from 
well-characterized biotite-fluid and melt-fluid experiments to derive empirical equations to estimate mag-
matic F and Cl. The concentration of F in melt in equilibrium with biotite is:
            (1)
where WF
m is the concentration of F in melt, T is temperature, and  and  are the fugacities of H2O 
and HF in the fluid phase. The fugacities are determined after the calibration of Munoz (1992) and are a 
function of XMg (molar Mg/ΣVI cations) and molar log(F/OH):
            (2)
The concentration of Cl in the melt is expressed by Zhang et al. (2012) as:
            (3)
where again the fugacity ratio is after (Munoz, 1992):
            (4)
In equations (3) and (4), CCl
m is the molality of Cl in the melt, CK
m /CNa
m is the molar ratio of K/Na 
in the melt, P is pressure (in kbar), and log(Cl/OH) is a molar ratio in biotite.
We used these equations to estimate F and Cl concentrations in melts that crystallized to form 
the Never Summer batholith, including a sample from the mafic portion of Mount Richthofen analyzed 
by Jacob (2013). The unusually low XMg and apparent violation of the Fe-F principal for biotite from the 
low Sr portions of the Mount Cumulus granite are outside of the calibration for these equations. Applying 
the above equations to biotite from the low Sr samples results in estimated F melt concentrations well 
above the 1 wt.% calibration limit imposed by the formulation of Zhang et al., (2012). Consequently, we 
are only able to apply these equations to sample NS17-05 from Mount Cumulus as well as the two Mount 
Richthofen samples for which we have data. For the estimation of Cl in melt, we use molar K/Na values 
determined from whole-rock geochemistry (Table 1).
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The partitioning of F and Cl between biotite, fluid, and the melt is a function of temperature. 
Note the calculated magmatic F in the Mount Cumulus sample could have exceeded 1 wt.% if the biotite 
equilibrated at temperature below 650 °C, but the estimated F concentration is insensitive to temperature 
changes above 700 °C (Fig. 7). We use 750 °C to estimate F and Cl in the melt because experiments con-
ducted on F-rich rhyolite liquids demonstrate biotite crystallizes between 700 and 800 °C, consistent with 
geothermometry estimates for nearby topaz rhyolites (Webster et al., 1987; Mercer et al., 2015). Estimat-
ed F and Cl melt concentrations for the two Mount Richthofen samples are also taken at 750 °C, which is 
within the range of geothermometry presented by Jacob et al. (2015).































Figure 7. Example biotite-melt equilib-
rium models for analyses from the Never 
Summer batholith following the formula-
tion of Zhang et al. (2012). The average 
of all EMPA for each sample were used to 
construct these graphs to demonstrate how 
T and P can influence the result. Note that 
calculations performed in the main text 
are for individual biotite crystals within 
each sample, and will slightly vary from 
these graphs. Top two panels: T versus the 
concentration of F and Cl in the melt in 
equilibrium with biotite. Note that F con-
centrations become insensitive to T above 
700 °C. Bottom panel: sensitivity of Cl melt 
concentration estimate to P. In our models 
we use isobaric crystallization conditions at 
100 MPa (see text). MR – Mount Rich-
thofen.
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The estimated melt Cl concentration is sensitive to pressure. Paleobarometry (Al-in hornblende) 
conducted by Jacob et al. (2015) for a sample from the Mount Richthofen (10-KJ-MR-109) yield an aver-
age estimated pressure of 100 MPa (1.0 kbar). Numerous miarolitic cavities in the Mount Cumulus pluton 
suggest that it was also likely intruded at shallow levels. We use 100 MPa to estimate melt Cl concen-
tration for the magma in equilibrium with each sample, assuming isobaric crystallization of the system. 
Polybaric magma crystallization can influence the availability of Cl that is incorporated into biotite, with 
a minimum occuring around 70 MPa, however the simplified assumption of isobaric crystallization is still 
useful for first-order assessment of our data. 
Based on the formulations discussed above, we estimate biotite from sample NS17-05 from the 
western portion of the Mount Cumulus pluton equilibrated with a melt that had ~ 2800 – 5600 ppm F and 
~ 2900 – 3800 ppm Cl. The estimated F concentration is above what is generally considered the minimum 
for topaz rhyolite (2000 ppm; Christiansen et al., 2007) and slightly lower than average F concentration 
measured in quartz-hosted melt inclusions in the nearby Hideaway Park tuff (~6700 – 7600 ppm F; Mer-
cer et al., 2015). However, the estimated F/Cl ratio of Mount Cumulus (~0.9 to 1.5) is lower than what is 
typically measured in melt inclusions for topaz rhyolite (> 2.5; Christiansen et al., 2007). Note that biotite 
equilibration at pressures greater than the 100 MPa used in our model would result in even lower F/Cl 
ratios, and the highest values correspond to 70 MPa (F/Cl between 1.5 to 2.3). A sample from the silicic 
portion of Mount Richthofen (~ 65 wt.% SiO2; 10-KJ-MR-110) yields estimated F concentration of 370 
to 450 ppm and 830 to 1200 ppm Cl. Biotite from the mafic portion of the Mount Richthofen pluton (~ 
55 wt.% SiO2; 10-KJ-MR-109) yield lower F abundances than the silicic portion of the pluton (140 – 330 
ppm F), but higher Cl (1650 – 2050 ppm Cl).
F and Cl variations in the Mount Richthofen pluton
Estimated F and Cl concentrations in equilibrium with biotite from the Never Summer batholith 
in conjunction with direct analysis of mafic lower crustal granulites allow us to better explore models 
regarding the ultimate source(s) of volatiles in F-rich granites associated with the bimodal magmatic 
suites. The Mount Richthofen pluton was previously interpreted to have formed via mixing of mafic, 
mantle-derived melts and silicic magma derived from deep crustal anatexis (Jacob et al., 2015). Figure 8 
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clearly shows that the mafic portion of Mount Richthofen, or the pluton phase most comparable to prima-
ry mantle-derived melts, has the lowest F and F/Cl values observed in the Never Summer batholith. This 
observation rules out interaction with mantle-derived melts or mafic gas-sparging as a source for high F 
and high F/Cl observed in granites like Mount Cumulus. Thus, models that require specific lithospheric 
mantle source to drive a magma system towards porphyry mineralization probably still require a signifi-
cant crustal component to supply F, Cl, and possibly other volatiles (Pettke et al., 2010; Liu et al., 2019). 
The silicic end-member of Mount Richthofen shows only a small increase in F and a decrease in 
Cl relative to the mafic part of the pluton. These data suggest either: 1) primary silicic melts with higher 
F and F/Cl values mixed with low F and F/Cl mantle-derived melts, and/or 2) the final assembly stages of 
Mount Richthofen were accompanied by loss of magmatic fluids (vapors and/or brines) that preferentially 
removed Cl with respect to F. 
We test the first inference with a simple batch melt model of garnet-free mafic lower crust (as rep-
resented by the xenoliths; Table 4; Fig. 8). We include Rb in our model because it allows us to compare 
whole-rock data to our F and Cl estimates. Rubidium is largely incompatible during upper crustal differ-
entiation and has been used to monitor differentiation with respect to F in similar magma systems (e.g., 
Audétat, 2015). We used the average whole-rock Rb concentration for two-pyroxene mafic granulites 
measured by Farmer et al. (2005). Batch melt models indicate a ~ 30% partial melt of rocks comparable 
to sample SD2-LC78 could represent the silicic end-member of the Mount Richthofen pluton. This esti-
mate is higher than the 10% partial melt proposed by Jacob et al. (2015); however, a 30% partial melt of 
hydrous basalt – comparable to the mafic granulites – generally creates dacitic melts, consistent with a 65 
to 68 wt.% SiO2 end-member for the Mount Richthofen pluton (Sisson et al., 2005; Annen et al., 2005).
Open-system degassing of magmatic fluids during crystallization can fractionate F/Cl in shallow 
magma systems. Both F and Cl tend to behave incompatibly during crystallization of silicic melts because 
the crystallizing assemblage is dominantly anhydrous. As such, the progressive loss of fluids competes 
with the overall incompatibility of F and Cl relative to the minerals during crystallization. Whether F 
and Cl concentrations decrease in residual melt after extracting a fluid phase depends on their respective 
fluid-melt partition coefficients (Df/mCl and D
f/m
F) and the overall fluid/melt ratio of the system (Candela, 
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1986; Webster et al., 2020). Experiments have shown Df/mF is < 1 in most cases except for extremely high 
F concentrations in melt (> 6 wt.% ; Webster, 1990) whereas Df/mCl can range from 3.5 – 23 in shallow 
silicic melts (Iveson et al., 2018). Thus, if the fluid/melt ratio is high, removal of a fluid phase from the 
system can drastically decrease the Cl concentration of the melt, however the minimal loss of F is too 
small to overcome progressively increasing concentrations as the melt continues to crystallize (Candela, 
1986). Taking these factors into consideration, it seems unlikely that the shift in F and Cl from mafic to 
silicic Mount Richthofen is the result of fluid loss because: 1) in comparison to silicic melts, intermediate 
magmas have lower water solubility and in turn lower fluid/melt ratios, which favors increasing Cl with 
progressive crystallization, 2) biotite from the silicic Mount Richthofen shows a slight positive correlation 
between log(F/OH) and log(Cl/OH) over a small range of Xphlogopite, which is inconsistent with decrease 
Cl and increasing F concentrations in the melt (Fig. 4). These observations in conjunction with the good 
agreement of the partial batch melt model lead to the conclusion that the silicic end-member of the com-
posite Mount Richthofen pluton was primarily enriched in F/Cl, although only moderately, relative to the 
mafic end-member.
Generation of the F- and Cl-rich Mount Cumulus granite
The Mount Cumulus granite is highly silicic and unlikely to represent the primary melt com-
position derived from deep crustal anatexis (Jacob et al., 2015). The silicic end-member of the Mount 
Richthofen pluton is one candidate for a primary silicic magma that might differentiate to Mount Cumulus 
compositions. Open-system degassing accompanied by progressive crystallization could push residual 
melt towards higher F/Cl ratios. The steep trajectory of F with respect to Cl for our Mount Cumulus data 
(Fig. 8b; pink arrow) could be interpreted as the result of such a process, but that would require a low 
fluid/melt ratio to explain the positive slope. Moreover, derivation of the Mount Cumulus granite directly 
from the silicic Mount Richthofen is unlikely based on their 500 to 700 ka difference in U/Pb zircon ages; 
this timespan is far too long to sustain an upper crustal magma body that advected heat during degassing 
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Figure 8. Plots showing estimated concentrations of F and Cl in equilibrium with biotite for the Never Summer ba-
tholith samples and whole-rock Rb concentrations for those samples. Also depicted are models that might be used to 
explain observed variations in F, Cl, and Rb. Two different batch melt models are shown for mafic lower crust with 
differing F and Cl abundances (Rb is an average for all two-pyroxene granulites from Farmer et al. [2005]). Starting 
composition for batch melt models using EMPA measurements for sample SD2-LC78 are the gray stars, which cor-
respond to batch melt models with dashed black lines. All other xenolith samples have amphibole with higher F and 
are averaged to generate the second starting composition (red star; solid black line). Purple dashed line corresponds 
to a closed-system fractional crystallization model using modal mineralogy of the most silicic sample of Mount 
Richthofen and by assuming it started with the F and Cl abundances determined in for the silicic Mount Richthofen. 
(a) Rb versus estimated F in the melt. (b) Cl in melt versus F. Note that closed-system fractional crystallization cre-
ates Cl concentrations that are too high for Mount Cumulus. Open-system crystallization with degassing could form 
a steeper slope (red arrow; not modeled). (c) Rb versus F/Cl.
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We constructed a closed-system crystal fractionation model using the whole-rock geochemis-
try and modal mineralogy of the most silicic Mount Richthofen sample analyzed by Jacob et al. (2015; 
07-CO-MR-2; Table 4). We use F and Cl concentrations equal to our estimate for silicic Mount Rich-
thofen, but we note that the model could be shifted to extend from the SD2-LC78 batch melt model 
(dashed lines; Fig. 8). Approximately ~ 90% crystal fractionation reproduces Rb and F abundances 
comparable to the Mount Cumulus granite (Fig. 8a), however it fails to produce observed variations in Cl 
(Figs. 8b & c). 
A simpler explanation is that the primary silicic melts that ultimately formed the Mount Cumulus 
granite are batch melts from the portions of mafic lower crust with F-rich pargasite (> 0.95 wt.% F). Par-
tial batch melt models for this set of xenoliths are comparable to estimated F and Cl and measured Rb in 
Mount Cumulus. Deviations in F, Cl and F/Cl away from the batch melt model can be explained by either 
open- or closed-system crystal fraction processes similar to those discussed above. The low-Sr Mount 
Cumulus has biotite with the highest F concentrations we observed and their cation distribution is com-
parable to the unusual Honeycomb Hills topaz rhyolite. We suggest these magmas represent extremely 
differentiated, potentially even pegmatite-like, magmas that were originally comparable to sample NS17-
05. Numerous studies demonstrate that silicic magmas with primarily high F can achieve greater degrees 
of upper crustal differentiation than their F-poor counterparts because they have lower viscosity, a lower 
solidus, and higher water saturation (Mercer et al., 2015; Dailey et al., 2018; Ouyang et al., 2020). The 
differentiation process must have been rapid (~ 100 – 200 ka) relative to the lifespan of the overall Never 
Summer complex (~ 1 Ma), because all three samples we used of Mount Cumulus have overlapping U/Pb 
zircon ages of ~ 28.17 Ma (Chapter 4).
Examination of Figure 8 suggests a 20 – 30% batch melt of the garnet-free mafic lower crust 
could reasonably produce melts that could then differentiate towards the compositions of Mount Cumulus. 
This estimate is in good agreement with recent work on the 22 Ma Spor Mountain topaz rhyolite, where ~ 
25% partial melting of a hybridized, juvenile (approximately 40 to 22 Ma) mafic lower crust was suggest-
ed (Dailey et al., 2018). A notable difference in the Never Summer complex is the ancient mafic lower 
crust is ~ 1.7 Ga and was not extensively hybridized by voluminous precursor magmatism as was the case 
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for Spor Mountain (Farmer et al., 2005; Jacob et al., 2015). In terms of generating F-rich magmas that can 
ultimately experience high degrees of upper crustal differentiation, the age of the crust might matter less 
than its ability to generate high F magmas (i.e., has been previously dehydrated). 
Implications for origin of F-rich granites, topaz rhyolites and porphyry Mo deposits
The silicic melts that intruded into the Never Summer batholith are inferred to have had variable 
F and Cl concentrations upon ascent into their level of emplacement. We conclude that the F-rich portions 
of granitic systems such as Mount Cumulus largely inherited their halogen abundances from their crustal 
source. Amphiboles are the dominant hydrous phase in the garnet-free mafic granulite xenoliths of the 
State Line district (Bradley, 1985) and their breakdown ultimately drives variations in primary F and Cl 
concentrations. Experimental evidence and thermodynamic modeling demonstrate increasing the XF of 
pargasite above ~ 0.4 corresponds to 100 – 150 °C increase in thermal stability relative to F-poor parg-
asite (Holloway and Ford, 1975; Tsunogae et al., 2003). That the F-rich Mount Cumulus granite intruded 
~ 500 – 700 ka after the youngest portion of the Mount Richthofen pluton is intriguing, because it sug-
gests the youngest silicic melts are associated with higher temperature breakdown of amphiboles in the 
deep crust. We hypothesize the portions of the garnet-free lower crust with low-F amphibole experienced 
partial melting early, during assembly of the Mount Richthofen pluton which exhausted much of the most 
fertile parts of the amphibole-bearing mafic lower crust. Only a few 100 ka later, with further heating, 
did the portions of mafic lower crust with high-F experience anatexis and form the primary melts for the 
Mount Cumulus granite. 
These results have potentially important implications regarding models explaining the origin of 
topaz rhyolites and F-rich porphyry Mo deposits. Seismic reflection models predict the presence of mafic 
lower crust throughout much of Colorado (Snelson et al., 2005), and the State Line xenolith suite is poten-
tially representative of mafic lower crust across the region. However, the initial F/Cl ratio of the Mount 
Cumulus granite is still low in comparison to what has been measured in melt inclusions from the nearby 
Hideaway Park topaz rhyolite (~ 2.6; Mercer et al., 2015) and Chalk Mountain rhyolite (> 25; Audétat, 
2015), that are associated with the Henderson and Climax Mo porphyry deposits, respectively. The ele-
vated F/Cl in magmas associated with known Mo deposits is also apparent from biotite EMPA (Fig. 4). 
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These data suggest deep crustal source rocks for these magmas either have F/Cl ratios higher than what is 
measured in the State Line xenoliths, or an intermediate process such as open-system degassing fraction-
ated F/Cl ratios to higher values. 
The F/Cl measurements for the Chalk Mountain rhyolite and Hideaway Park tuff are from 
quartz-hosted melt inclusions, and assumed to reflect pre-eruptive conditions. Even so, open-system de-
gassing before melt entrapment could push the residual melt to higher F/Cl, assuming the fluid/melt ratio 
remains low. This model is untenable, however, because the 26.3 Ma Chalk Mountain rhyolite (Chapter 
4) erupted after the first mineralizing intrusion at Climax (Alicante stock, ~ 33 Ma; Bookstrom, 1989) 
which must have already had high F/Cl in order to generate quartz-fluorite-molybdenite stockwork veins. 
Similarly, there is no evidence that the Hideaway Park tuff was preceded by any significant degassing. 
Fluorine and Cl were interpreted to have generally behaved compatibly in the Hideaway Park magma, at 
least after quartz saturation (Mercer et al., 2015).
We argue the unusually high F/Cl ratios observed in topaz rhyolites and mineralizing intrusions 
from the Colorado mineral belt reflect derivation from source rocks with greater F/Cl values than what is 
observed in the State Line mafic granulites. The F/Cl ratio of amphibole from mafic ultrahigh temperature 
terranes is greater than what is observed in the State Line mafic granulites (Fig. 3; Tsunogae et al., 2003; 
Sajeev et al., 2009). Thus, one possibility is the mafic lower crust in the vicinity of the Colorado mineral 
belt might have reached even higher peak metamorphic temperatures, or possibly reacted with fluids with 
lower Cl activity than what is observed in the State Line granulites. 
CONCLUSIONS 
Lower crustal xenoliths entrained in Devonian-aged diatremes in northern Colorado are possible 
source rocks for silicic melts in northern Colorado. Comparison of these xenoliths to the bimodal Never 
Summer igneous complex provides an opportunity to test inferences about the origins of F in fluorite- and 
topaz-bearing granites. Biotite-fluid-melt equilibrium models suggest the mantle-derived melts of the 
Never Summer system are unlikely to be the source for a high F/Cl volatile component in the correspond-
ing silicic rocks. The silicic end-member of the composite Mount Richthofen pluton had only modestly 
elevated F and F/Cl ratios, and was likely not directly related to parental magmas that formed the highly 
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differentiated Mount Cumulus granite. The primary melt that formed the Mount Cumulus granite must 
have had higher F/Cl ratios and initial F than earlier silicic melts. The predicted variations in F and Cl 
in the source rocks for the silicic magmas is corroborated by direct measurements of amphibole in mafic 
lower crust xenoliths. The early silicic melts that contributed to the assembly of the Mount Richthofen 
pluton were extracted from relatively F-poor zone of the deep mafic crust, whereas younger Mount Cu-
mulus magmas were derived from F-rich zones. The higher thermal stability of F-rich amphibole relative 
to OH-amphibole implies the deep crust required further heating to generate the Mount Cumulus magmas. 
For each silicic magma type, approximately 20 – 30% partial melting of the deep crust can account for 
the estimated F and Cl concentrations, which is in good agreement with models for other topaz-bearing 
silicic magma centers. These data indicate that F-rich silicic magmas in bimodal systems, such as topaz 
rhyolites and porphyry Mo-F intrusions, inherit high F and F/Cl ratios from their deep crustal source. The 
garnet-free mafic lower crust of northern Colorado is comparable to well-documented mafic ultrahigh 
temperature granulite terranes, and we suggest that similar rocks could be essential components of genetic 
models for F-rich porphyry and rhyolite-associated mineral deposits.
50
TABLE 1. AGE AND ELEMENTAL ABUNDANCES FOR INTRUSIVE ROCKS USED IN THIS STUDY 
Sample 
Mount Cumulus stock Mount Richthofen stock 
NS17-05 10-KJ-MC-91a 10-KJ-MC-94a 10-KJ-MR-109a 10-KJ-MR-110a 
Age (Ma) 28.161 ± 0.034b 28.23 ± 0.11b 28.171 ± 0.032b 28.975 ± 0.020c n.d 
Latituded 40.4018 40.4123 40.3992 40.4229 40.4451 
Longitude -105.9116 -105.8998 -105.8733 -105.8793 -105.922 
Major element abundances in wt. % 
SiO2 76.57 77.02 77.37 55.71 63.89 
Al2O3 12.59 12.57 12.55 15.99 16.3 
Fe2O3 1.33 1.01 1.08 8.8 5.29 
MnO 0.015 0.02 0.02 0.15 0.07 
MgO 0.07 0.02 0.02 2.98 1.82 
CaO 0.39 0.41 0.37 6.49 3.46 
Na2O 3.39 4.15 4.08 3.97 4.04 
K2O 5.17 4.75 4.44 2.78 3.66 
TiO2 0.112 0.05 0.05 2.26 1.08 
P2O5 BDL 0 0.02 0.87 0.38 
Total 100.3 99.07 99.62 98.55 99.68 
Trace element abundances in ppm 
Sc 1 1 1 12 8 
V BDL 5 5 144 81 
Ba 111 16 21 1152 1373 
Sr 38 3 4 1025 821 
Y 42 73.4 65.7 25.6 19.7 
Zr 135 137 140 385 273 
Co BDL 1 1 18 15 
Zn 30 30 30 110 90 
Ga 23 26 27 21 23 
Ge 2 2.2 2.1 1.3 1.3 
Rb 270 382 385 71 92 
Nb 43 135 136 74.4 39.2 
Sn 1 2 10 7 2 
Cs 2.5 9.1 6.3 1.8 1.9 
La 48.4 41.1 29.8 74.8 60.2 
Ce 97.3 95.9 74.5 155 116 
Pr 10.9 11.3 9.1 18 12.9 
Nd 37.7 41.5 35.9 71.6 46.3 
Sm 7.8 10.9 10.5 12.8 7.83 
Eu 0.26 0.005 0.005 2.93 2.07 
Gd 6.3 8.63 8.77 8.16 5.46 
Tb 1.2 1.83 1.84 1.18 0.73 
Dy 7.5 12.5 12.3 6.26 3.81 
Ho 1.5 2.51 2.42 1.07 0.68 
Er 4.7 7.58 7.05 2.62 1.8 
Tm 0.72 1.26 1.13 0.35 0.24 
Yb 5.2 9.13 7.93 2.21 1.61 
Lu 0.81 1.45 1.28 0.33 0.25 
Hf 5.5 8.5 8 8.5 6.6 
Ta 7.1 15.4 12.4 4.49 2.71 
Tl 0.8 1.14 1.45 0.37 0.4 
Pb 26 32 20 14 19 
Th 37.9 54.6 42.2 7.7 12.8 
U 11.7 12.9 4.34 1.79 2.63 
Note: BDL = below detection limit; n.d. = not determined 
a Samples and elemental data from Jacob et al. (2015) 
b Zircon U/Pb age and 2σ analytical uncertainty from Chapter 4 
c Zircon U/Pb age and 2σ analytical uncertainty from Jacob et al. (2015) 






















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































      
Sample SD2-LC76 SD2-LC77 SD2-LC77 SD2-LC77 SD2-LC77 
ID (n) amph8 (10) amph4 (9) amph5 (10) amph6 (8) amph3 (6) 
SiO2 40.19 0.25 38.26 0.22 39.47 0.32 39.74 0.12 37.98 0.33 
TiO2 2.84 0.07 2.55 0.07 2.47 0.14 2.56 0.06 2.46 0.03 
Al2O3 13.02 0.13 13.31 0.16 13.39 0.22 13.25 0.13 13.41 0.28 
Cr2O3 0.05 0.02 0.12 0.01 0.14 0.03 0.11 0.02 0.12 0.04 
FeO 14.71 0.14 14.80 0.17 14.57 0.18 14.92 0.21 15.01 0.18 
MnO 0.14 0.02 0.15 0.02 0.14 0.02 0.14 0.03 0.11 0.02 
MgO 9.83 0.11 9.45 0.16 9.70 0.21 9.61 0.11 9.38 0.13 
CaO 11.04 0.10 10.94 0.12 11.01 0.35 10.96 0.09 10.93 0.08 
Na2O 1.70 0.13 1.58 0.09 1.78 0.24 1.54 0.08 1.43 0.07 
K2O 2.25 0.04 2.62 0.03 2.56 0.10 2.61 0.04 2.66 0.09 
F 1.28 0.12 1.14 0.09 1.19 0.18 1.16 0.19 1.19 0.25 
Cl 0.67 0.03 0.54 0.02 0.51 0.05 0.55 0.02 0.54 0.02 
Total 97.72  95.44  96.93  97.15  95.23  
Cations normalized for 23 oxygen + 2(OH, Cl, F) 
Si 6.14 6.01 6.09 6.11 5.99 
IVAl 1.86 1.99 1.91 1.89 2.01 
VIAl 0.49 0.48 0.52 0.51 0.48 
Ti 0.33 0.30 0.29 0.30 0.29 
Cr 0.01 0.01 0.02 0.01 0.01 
Fe3+ 0.22 0.26 0.20 0.24 0.30 
Fe2+ 1.67 1.70 1.69 1.69 1.69 
Mn 0.02 0.02 0.02 0.02 0.02 
Mg 2.24 2.21 2.23 2.20 2.20 
Ca 1.81 1.84 1.82 1.81 1.85 
Na 0.50 0.48 0.53 0.46 0.44 
K 0.44 0.52 0.50 0.51 0.54 
F 0.62 0.57 0.58 0.57 0.60 
Cl 0.17 0.15 0.13 0.14 0.15 
OH 1.20 1.28 1.28 1.29 1.26 
a Measured values in wt %. 
b Numbers in italics represent 1σ standard deviation for multiple points for each amphibole. 
c Fe3+ and Fe2+ estimates are after Holland and Blundy (1994). 
d OH calculated by difference. 

































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































TABLE 4. PARTITION COEFFICIENTS AND MINERAL MODES USED FOR MODELS 
Mineral DFmin/melt DClmin/melt DRbmin/melt Modal % 
Batch melting modelsa SD2-LC78c Other xenoliths (avg)d 
amphibole 1.5 0.31 0.14 8 13.7 
clinopyroxene 0.13 0.025 0.031 25.4 18.7 
orthopyroxene 0.11 0.012 0.017 12 15.3 
plagioclase 0.098 0.001 0.19 40 47.4 
apatite 10 2 0.4 2.4 1.8 
opaque (ilm) n.a. n.a. n.a. 12 2.5 
fractional crystallization modeld 07-CO-MR-2e 
quartz n.a. n.a. n.a. 38 
 
K-feldspar n.a. n.a. 0.38 18 
 
albite n.a. n.a. 0.13 35 
 
biotite 3.19 1.2 5.97 8 
 
a Rb mineral-melt partition coefficients averaged from GERM database (earthref.org/GERM) using silicic 
samples (Philpotts and Schnetzler, 1970; Nagasawa and Schnetzler, 1971; Bacon and Druitt, 1988; 
Mahood and Stimac, 1990; Ewart and Griffin, 1994; Streck and Grunder, 1997). Mineral-melt partition 
coefficients for F and Cl from Dalou et al. (2012), McCubbin et al. (2015), and Van den Bleeken and 
Koga (2014).  
b Rb mineral-melt coefficients after compilation by Mercer et al (2015; references therein); F and Cl 
mineral-melt coefficients after Icenhower and London (1997) experiment SM-12. 
c Modal abundances for State Line xenoliths after Bradley (1985). 
d Modal abundances after Jacob et al. (2015). 
n.a. = not applicable 
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CHAPTER 4: SPATIO-TEMPORAL SHIFTS IN MAGMATISM AND 
MINERALIZATION IN NORTHERN COLORADO BEGINNING IN                                          
THE LATE EOCENE
INTRODUCTION
Silicic magmas formed in continental settings can have more than 5 wt. % water and often 
contain high abundances of other dissolved volatiles, such as halogens. Studying how and when these 
magmas accumulate in the shallow crust is important to understanding explosive volcanism (Lipman, 
2007; Woods and Koyaguchi, 1994; Cassidy et al., 2018), the assembly of granitic plutons (Coleman et 
al., 2012), and the tectonic setting in which magmas are generated (Richards, 2003; Chapin, 2012). In 
sub-volcanic environments, magmas can focus metal-rich fluids into their roofs and adjacent wallrock 
and create mineral deposits (Hedenquist and Lowenstern, 1994). Hence, in deeply eroded magma systems 
the timing of magmatic-hydrothermal mineralization can be useful for tracing changes in a given regions 
tectonic and magmatic setting.
The Southern Rocky Mountain volcanic field (SRMVF) and its eroded remnants are well-suited 
for the exploration of the spatio-temporal relationships of tectonics, silicic magmatism, and mineraliza-
tion. The SRMVF once encompassed much of Colorado (Steven, 1975), but has been largely eroded away 
in the northern half of the state. Two remnant volcanic fields in southern Colorado (the San Juan and 
Central Colorado volcanic fields) and a northeast trending swath of shallow intrusions and proximal min-
eral deposits (the Colorado mineral belt; CMB), are evidence for a once more extensive SRMVF (Steven, 
1975; Lipman, 1982). These volcanic and intrusive rocks have a shared tectono-magmatic history that 
records a general progression from late Cretaceous subduction through Miocene rifting (Christiansen and 
Lipman, 1972; Chapin, 2012). 
Whereas numerous high-precision geochronology studies document the history of Eocene-Mio-
cene caldera-forming magma systems in the SRMVF (McIntosh and Chapin, 2004; Zimmerer and McIn-
tosh, 2012; Mills and Coleman, 2013; Wotzlaw et al., 2013; Lipman et al., 2015), comparable studies of 
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shallow intrusions and associated mineral deposits in the northern half of Colorado are scarce. Moreover, 
many existing geochronological data are incompatible with field relations, or have considerable overlap 
resulting from large analytical uncertainties. Consequently, despite the relatively well-understood frame-
work of the SRMVF, tying mineralization events to tectonic or magmatic shifts is difficult. In this study, 
we present new high-precision zircon geochronology from Eocene and younger igneous rocks from north-
ern Colorado (Fig. 1b). Our goal is to better integrate the long-term evolution of volcanic and intrusive 
rocks in the region, to better place the timing of mineralization events in the CMB, and to test models that 
are posited for the origin of numerous volatile-rich silicic intrusions present throughout the area. 
GEOLOGICAL SETTING AND STUDY AREAS
The integrated history of the SRMVF and CMB captures the interplay between tectonic setting, 
magmatism, and mineralization (Simmons and Hedge, 1978; Mutschler et al., 1987; Bookstrom, 1990). 
Early subduction and shortening (approximately 75 – 45 Ma) are associated with mostly intermediate 
magmas associated with magmatic-hydrothermal systems rich in Pb, Zn, Ag, and to lesser degrees, Au 
and Te. A low-relief erosional surface preserved beneath the 37.3 Ma Wall Mountain tuff formed after the 
cessation of Laramide deformation (Epis and Chapin, 1975; Zimmerer and McIntosh, 2012) and before 
later extension-related magmatism (approximately 30 Ma; Chapin, 2012). Extension is closely associated 
with Mo-F mineralization and highly silicic (and often bimodal) magmatism (Bookstrom, 1990). 
Tectonic, magmatic, and mineralization history
Cretaceous through middle Oligocene magmas intruded the northern Colorado crust during a time 
period that transitioned from Laramide subduction (~ 75 to 45 Ma) to Rio Grande rifting (beginning at 
~ 30 Ma; Christiansen and Lipman, 1972; Bookstrom, 1990; Chapin, 2012). The transition from crustal 
shortening to extension is often interpreted to be related to flat-slab subduction of the Farallon plate fol-
lowed by sinking, or “rollback”, of the subducting slab or one of its segments (Christiansen and Lipman, 
1972; Coney and Reynolds, 1977; Chapin, 2012). However, time-space patterns of magmatism across the 
western United States do not permit any simple unifying model, and numerous other mechanisms may 
have influenced magma patterns (Glazner et al., 2004).
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Magmas that intruded in northern Colorado between 75 and 45 Ma were mostly intermediate in 
composition, ranging from alkalic monzonites to quartz monzonite and granodiorite (Mutschler et al., 
1987; Bookstrom, 1990; Stein and Crock, 1990). The monzonite suite is volumetrically minor, but asso-
ciated with Au-Ag-Te and W deposits in the northernmost portion of the CMB (Bookstrom, 1990). Many 
of the granodiorites are spatially associated with historically important mining districts, such as Sher-
man and Leadville, but the intrusions typically predate mineralization (Beaty et al., 1990). In Leadville, 
carbonate-granodiorite contacts acted as structural traps for ascending mineralizing fluids (Thompson and 
Arehart, 1990). A K-Ar sericite age from one of the Leadville orebodies yields a mineralization age of 
39.6 ± 1.7 Ma (Thompson and Arehart, 1990). Quartz monzonite intrusions and nearby volcanic plugs and 
breccias around Breckenridge and Montezuma are closely associated with Ag-Pb-Zn ± Au mineralization 
around this time (Pride and Robinson, 1978; Bookstrom et al., 1987; Bookstrom, 1990). 
caldera rim
felsic dike
intrusions, < 40 Ma
intrusions, 40 - 75 Ma
volcanic rocks, 
undifferentiated




















































Figure 1. Simplified maps showing relevant 
igneous complexes, major rift basins, and 
mining districts. (a) Overview map of Colora-
do showing location of eroded remnants of the 
Southern Rocky Mountain volcanic field (San 
Juan and Central CO volcanic fields; Steven, 
1975), outline of the Colorado mineral belt 
and Rio Grande rift basins. Points A and A’ 
correspond to southwest and northeast points 
of line used in Fig. 5a (b) Simplified geolog-
ical map of north-central Colorado showing 
sample locations with respect to igneous 
complexes and mines or mining districts dis-
cussed in the text. Cm – Climax mine, MPB – 
Mount Princeton Batholith, TLP – Twin Lakes 
pluton.
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Near the end of the Eocene, deformation associated with the Laramide orogeny had largely 
ceased and a regional erosion surface developed (Epis and Chapin, 1975). The eruption of the 37.3 Ma 
Wall Mountain tuff (Ar-Ar sanidine; Zimmerer and McIntosh, 2012) marks the end of this lull and the 
onset of voluminous silicic volcanism in the SRMVF. The source region of the Wall Mountain tuff re-
mains enigmatic (Mills and Coleman, 2013), but it is interpreted to be from the Sawatch trend of calderas 
(Lipman and Bachmann, 2015). The two oldest mapped calderas in central Colorado are the Grizzly Peak 
and Mount Aetna calderas (Fig. 1b; both ~ 34.3 Ma; (Fridrich et al., 1998; Zimmerer and McIntosh, 2012) 
and calderas to the south are < 33 Ma (Lipman, 2007; Lipman et al., 2015)
Continental extension along the north-south trending Rio Grande rift resulted in major uplifting 
before approximately 27 Ma in central Colorado (Landman and Flowers, 2013), and mostly occurred 
along reactivated Precambrian through Laramide-aged faults (Tweto, 1979). High-silica, F-rich, granites 
associated with Mo mineralization intruded the crust possibly as early as 33 Ma (Alicante stock, Climax; 
Bookstrom, 1989). Most of the intrusions at the Climax and Henderson Mo mines intruded between 30 
to 25 Ma (Climax ages: zircon fission-track and K-Ar mica; Henderson: Re/Os molybdenite; Bookstrom, 
1989; Markey et al., 2007). Another F-rich porphyry Mo system near Mount Emmons formed at approx-
imately 17 Ma and is associated with a later pulse of rifting (Dowsett et al., 1981); however, this pulse is 
not associated with any major faulting or uplifts in Colorado (Tweto, 1979).
Study Areas
To test inferences about the timing of events following Farallon subduction, three groups of sam-
ples were collected, including 1) samples that bracket Pb-Zn-Ag mineralization at Leadville, 2) magmas 
associated with the transition to mesothermal mineralization in the Montezuma area, and 3) porphyries 
associated with rifting and Mo-F prospects and ore deposits. We discuss each in more detail below.
Leadville-Kite Lake Area
The Leadville-Kite Lake area is located in the central CMB and hosts the Pb-Zn-Ag carbonate 
replacement deposits in Leadville. Mineralization in the Leadville district occurred around 39.6 ± 1.7 Ma 
(K-Ar sericite; Thompson and Arehart, 1990). Field relations require the crystallization age of various 
granodiorites in and around Leadville to be pre-mineralization. However, the exact ages of the granodio-
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rites in the central CMB as a whole remains unclear. Distinct megacrystic feldspars were historically used 
to identify the “Lincoln porphyry” near Leadville (Emmons, 1886; Lovering, 1935; Tweto et al., 1978). A 
similar megacrystic granodiorite in the Twin Lakes pluton yields an Ar-Ar age of 63.8 Ma, which agreed 
with the 66 Ma K-Ar age for the Lincoln porphyry near Leadville (Wallace, 1995; Fridrich et al., 1998). 
The agreement of ages and textual similarities led to the interpretation that Lincoln-type intrusions all 
crystallized around 64 to 66 Ma. However, Wallace (1995) note that the amphibole-bearing, fine-grained 
“Sacramento porphyry” in the Leadville district has a zircon fission track age of 43.9 Ma but is cut by 
supposedly 66 Ma Lincoln porphyry near Tennessee Pass (Tweto, 1974). The young age of Sacramento 
porphyry obtained by Thompson and Arehart (1990) was subsequently questioned, and interpreted to have 
been reset by ~ 39.6 Ma mineralization in the Leadville district (Wallace, 1995). 
Some orebodies in the Leadville district are cut by a porphyritic, light gray to white rhyolite. 
These dikes can be traced to the northeast where they are pre-mineralization in the Kite Lake mining 
district (Bookstrom, 1989). One of these dikes from Leadville was dated with K-Ar and yielded an age of 
38.5 ± 0.6 Ma, which overlaps the zircon fission track age for the Kite Lake rhyolite 34.9 ± 4.0 Ma (Cun-
ningham et al., 1977; Bookstrom, 1989). 
Montezuma Area
The Montezuma pluton is one of the largest intrusions within the CMB and was previously 
reported to have intruded at ~ 40 Ma before being cut by numerous small volume dikes and plugs be-
tween 39 and 37 Ma (Bookstrom et al., 1987). The volcanic plugs extend south of the pluton, along the 
Montezuma shear zone, and are hypothesized to connect to another pluton at depth. Bookstrom (1990) 
considered magmatism around Montezuma as transitional with respect to early intermediate magmatism 
and younger Mo-F mineralization. The Montezuma mining district hosts numerous Ag-Pb-Zn veins and 
stockworks, as well as trace disseminated Mo. Mineralization is largely focused on the eastern, megacrys-
tic phase of the pluton and along the Montezuma shear zone (Neuerburg et al., 1974). 
Mo-F prospects and deposits
The final group of igneous rocks we consider are distinguished from the others by their direct 
association with silicic porphyries and unusually high abundances of F and Mo. This includes magmas 
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associated with world-class Mo porphyry deposits (Red Lady porphyry, Mount Emmons; Chalk Moun-
tain rhyolite, Climax; “Climax-type” deposits) and two shallow rhyolite porphyries associated with Mo-F 
prospects (Middle Mountain and Turquoise Lake). A large, hydrothermally altered megacrystic dike east 
of Middle Mountain was also sampled to determine if was related to the Middle Mountain system (TL18-
01). 
The Never Summers igneous complex hosts the largest exposed rift-related plutonic system in 
northern Colorado. The Never Summers batholith includes two plutons: 1) the chemically and texturally 
heterogenous 28.98 – 28.74 Ma Mount Richthofen granodiorite, which formed via mixing of mafic mag-
mas and silicic melts (Jacob et al., 2015); and 2) the ~ 28 Ma topaz- and fluorite-bearing Mount Cumulus 
granite. The Mount Cumulus granite contains molybdenite in miarolitic cavities and is compositionally 
similar to mineralizing intrusions at Henderson and Climax (Pearson et al., 1981; Jacob et al., 2015). The 
excellent exposure of the Never Summers batholith provides an opportunity to measure the longevity 
of rift-related systems, however only one sample of from the silicic intrusive suite has been dated. We 
use three samples of Mount Cumulus granite, including the sample was previously dated by Jacob et al. 
(2015; sample 10-KJ-MC-91). This allows us to better compare our data to an external lab. We also sam-
pled a silicic dike near Lake Agnes to maximize the spatial extent of our sampling in the area.
METHODS
Many of the geochronometers used in prior studies have low closure temperatures and are prone 
to thermal perturbations (zircon fission track; K-Ar). Moreover, some of the existing analyses have 
large uncertainties, in some cases in excess of 10%. The large uncertainties and susceptibility to thermal 
resetting make it difficult to compare different mineralization events to tectonic-magmatic framework 
of northern Colorado. We use U/Pb zircon chemical abrasion isotope dilution thermal ionization mass 
spectrometry (CA-ID-TIMS) to better determine the timing of these events. This method has high-tempo-
ral precision and limits Pb-loss that could occur during reheating events (Widmann et al., 2019). Sample 
locations, brief descriptions, and previous geochronology are presented in Table 1.
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Sample preparation and scanning electron microscopy
Samples were crushed in a jaw crusher and further pulverized in a steel disc mill. Heavy minerals 
were separated with a water table and/or heavy liquids (methylene iodide). Heavy separates were passed 
through a magnetic Frantz and zircon grains were picked from non-magnetic separates with a binocular 
microscope. Selected grains for thermally annealed in quartz crucibles at 900 °C for 48 hours.
Prior geochronological studies in the area have noted abundant inherited Precambrian cores in 
zircons (Feldman, 2010; Zimmerer and McIntosh, 2012). We pre-screened most zircon with a scanning 
electron microscope (SEM) in an effort to characterize inherited and/or magmatic textures, as well as 
mineral inclusions, in our target minerals. Thermally annealed zircon selected for SEM analysis were 
mounted in epoxy resin and polished until most of the zircon were cut in half. Not every zircon was pre-
screened on the SEM, usually because some samples contained small zircon (< 120 μm along the C-axis) 
and we wanted to maximize radiogenic Pb yield on single crystals. Polished pucks were examined in a 
Tescan VEGA 5136 SEM at the University of North Carolina using both backscattered electron (BSE) 
and cathodoluminescence (CL) modes. Mineral inclusions in zircon were identified with energy disper-
sive spectroscopy and 4pi Revolution software.
CA-ID-TIMS analyses
Single crystal zircon or fragments that were selected for CA-ID-TIMS analyses after SEM imag-
ing were extracted from epoxy and fluxed in 6 M HCl at 120 °C for 8 – 12 hours. Zircon was placed in 
Teflon microcapsules containing HF + HNO3 and placed in an oven for 10 – 12 hours at either 180 °C or 
220 °C for chemical abrasion, depending on the total zircon yield and size of the fragments. Zircon crys-
tals that were not pre-screened on the SEM were chemically abraded in bulk (typically 10 – 30 crystals) 
for 10 – 12 hours at 220 °C. Following chemical abrasion, zircons were rinsed, spiked with the in-house 
UNC GS-1 spike (205Pb-233U-236U), and dissolved in microcapsules for 48-72 hours at 220 °C. Uranium 
and Pb were isolated following an anion column chromatography method modified from (Krogh, 1973). 
Uranium and Pb were loaded with silica gel onto Re and zone-refined Re filaments, respectively. All anal-
yses were performed on an IsotopX Phoenix in peak-switching mode on the Daly photomultiplier. Urani-
um fractionation was corrected in-run based on the 233U/236U ratio of the spike, and Pb fractionation was 
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estimated to be 0.13 ± 0.085 %/a.m.u based on replicate analysis of 20 pg NBS-981 standards (n = 15). 
With the exception of sample RLP78-01, all 206Pb abundances were Th-corrected using whole rock Th/U 
values determined via ICP-MS at Actlabs (Ontario, Canada). The Th/U value for RLP78-01 was estimated 
to be 3.5. Replicate analyses of 100 Ma Earthtime solution were performed throughout the study resulting 
in a weighted mean age of 100.61 ± 0.05 Ma (n = 10).
RESULTS
In all, zircon from 14 different samples was analyzed. Both concordant (n = 99) and normally dis-
cordant (n = 20) results are presented in the Table 2. A rank-order plot of concordant results and represen-
tative SEM images are presented in Figures 2 and 3, respectively. Relevant images of hand samples are 
presented in Figure S1 (Appendix 1). All ages discussed below are Th-corrected 206Pb/238U ages, unless 
noted otherwise.
Leadville-Kite Lake area
A granodiorite porphyry collected along Highway 91 north of Leadville (NC16-02) contains 1 – 4 
mm phenocrysts of feldspar and amphibole set in a fine-grained gray matrix (Fig. S1a). Four concordant 
zircons range in age from 44.3 – 43.44 Ma. We observed alkali feldspar and plagioclase inclusions in 
some of the dated zircon. Analyzed zircon grains showed oscillatory and sector zonation. Five crystals 
from this sample are normally discordant with 207Pb/206Pb ages ranging from 1.2 to 1.7 Ga, including three 
that are approximately 1.4 Ga.
Sample KL18-03 is a light gray rhyolite dike that contains sparse 1 - 2 mm quartz phenocrysts. 
Four concordant zircon analyses overlap at ~ 39.7 Ma. Five fractions are normally discordant with a wide 
range of 207Pb/206Pb ages (0.63 and 2.0 Ga).
Montezuma area
Three samples from the Montezuma mining district were analyzed, including two from the Mon-
tezuma pluton and one from a rhyolite plug near Webster Pass. Sample MZ17-10 is a an inequigranular 
quartz monzonite with crystals ranging from ~ 2 to 6 mm. The larger crystals tend to be plagioclase and 
K-feldspar. All analyzed zircon grains overlap around ~ 38.8 Ma (n = 9). Four of these were pre-screened 
on the SEM and display oscillatory zoning in CL and contain apatite and alkali feldspar inclusions (Fig. 
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(MSWD = 1.05) 
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15.767 ± 0.028 Ma (MSWD = 0.60) 
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Figure 2. Zircon rank-order plot showing Th-corrected 206Pb/238U ages (Ma) for concordant analyses. 2σ uncertain-
ties only account for analytical uncertainty. Hollow boxes are fractions excluded from weighted mean calculations. 




Sample MZ17-07 is a quartz monzonite porphyry collected from the eastern phase of the Mont-
ezuma pluton. The rock is propylitcally altered; primary biotite and amphibole are altered to dark green 
chlorite ± epidote (Fig. S1b). This unit is characterized by abundant (15 – 20%) K-feldspar phenocrysts 
ranging in size from 10 – 20 mm. Eight zircon analyses yield ages ranging from 39.30 to 38.30 Ma. One 
normally discordant analysis has a 207Pb/206Pb age of 1.55 Ga. No feldspar inclusions were observed in 
the zircon, but apatite was present in many of the crystals inspected on the SEM. The dated crystals often 
have rims with subtle, fairly broad, oscillatory zones that enclose large unzoned cores.
Sample WP17-08 was collected from a rhyolite porphyry plug near Webster Pass, within the 
northeast-trending Montezuma shear zone(Neuerburg et al., 1974). In outcrop this unit has numerous 
quartz veins and yellow-red oxide staining and minor disseminated pyrite. Fractured phenocrysts of alkali 
feldspar are more abundant than quartz. Feldspars are altered to clays and the matrix has a quartz-sericite 
overprint (Fig. S1c). This sample yielded six concordant zircons with ages between 38.81 and 37.93 Ma. 
One zircon is normally discordant with a 207Pb/206Pb age of 1.57 Ga. Zircon typically displayed oscillatory 
zoning under CL. Many zircons had alkali feldspar inclusions, typically near the rims. Apatite and quartz 
inclusions were also observed.
Mo-F prospects and deposits
The oldest sample in this group is a rhyolite porphyry collected from Middle Mountain (MM17-
16). Eight concordant analyses from this sample range in age from 31.89 to 36.485 Ma, with five over-
lapping grains clustered around 36.4 Ma. Seven fractions were normally discordant, and yield 207Pb/206Pb 
ages ranging from 1.03 to 1.65 Ga, with five of the fractions clustering around ~ 1.4 Ga. Oscillatory 
zoning was commonly observed in CL, in many cases medium to dark zones surround brighter cores. 
Xenocrystic cores tend to be the brightest. Some of the zircon grains have concave etches and are patchy 
in CL (Fig. 3a). A vug containing monazite was observed in one zircon (Fig. 3b).
Sample TQ18-02 is a rhyolite porphyry that was collected from the Turquoise Lake intrusive 
complex on eastern flank of the Sawatch Range. The rock is overprinted by quartz-sericite alteration and 
contains pumice fragments (Fig. S1d). Ten concordant zircon analyses yield ages between 35.69 and 
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36.03 Ma. Under CL, some of the zircon have bright, round cores encased in oscillatory zones (Fig 3c). 
Sample TL18-01 is a hydrothermally altered dike with sparse K-feldspar megacrysts. It is not 
directly associated with any mineral deposits, but we include it in this group because we wanted to test if 
it was a similar age to the Middle Mountain system. The sample was collected from a large north-south 
trending dike that cuts the eastern portion of the Twin Lakes pluton, just east of Middle Mountain. The 
dike contains sparse feldspar megacrysts (up to 5 cm) and fractured quartz phenocrysts (3 – 10 mm) set 
in a fine-grained, oxidized matrix. Many of the feldspars are altered to a teal to white clay, and some have 
brownish cores. Four zircons yield concordant ages between 33.913 and 34.29 Ma. One normally discor-
dant fraction has a 207Pb/206Pb age of 1.78 Ga. Numerous zircons inspected with CL had broad, unzoned, 
rims that enclose rounded cores with oscillatory zones (Fig. 3c).
Four samples from the Never Summer igneous complex were analyzed. The oldest observed 
sample is a rhyolite dike the intrudes Cretaceous shales near Lake Agnes (NS17-02). The sample contains 
phenocrysts of feldspar and propylitically altered amphibole. Some plagioclase crystals have green cores 
and are rimmed by white clays. This sample yields concordant zircon ages ranging from 29.42 to 29.09 
Ma. Three samples that make an east-west transect across the Mount Cumulus pluton were analyzed. 
Sample NS17-05 is a from the western portion of the pluton, near Baker Pass, and yields eight concordant 
zircon fractions between 28.36 and 28.08 Ma. . A sample from the southeastern portion of the Mount Cu-
mulus granite pluton yields a range of ages from 28.98 to 27.59 Ma (n = 11), with four overlapping anal-
yses around ~ 28.15 Ma. We also analyzed five fractions from a sample collected at the summit of Mount 
Cumulus and previously dated with U/Pb zircon CA-ID-TIMS by Jacob et al. (2015). All five fractions 
were concordant and range in age from 28.35 to 28.13 Ma.
The Chalk Mountain rhyolite (CMR16-01) is a topaz-bearing volcanic rock located in the hang-
ing wall of the Mosquito fault, west of the Climax Mo mine (McCalpin et al., 2012). Nine concordant 
zircon analysis result in ages ranging from 26.208 to 27.048 Ma, with most clustering around ~ 26.25 Ma. 
A variety of internal crystal structures were observed under CL for zircon from this sample, including a 
few dark, mottled crystals (which were not selected for geochronology. The oldest dated fraction (Fig. 3c) 
has truncated oscillatory zoning that is encased in somewhat darker oscillatory zones. Mineral inclusions 
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of alkali feldspar, plagioclase, and apatite were observed in numerous zircons, including in the core of 
zircons selected for geochronology (Fig. 3c).
A rhyolite porphyry with wispy magnetite veinlets from the Mount Emmons porphyry Mo deposit 
is the youngest sample observed in our dataset (RLP78-01). The rock contains 2 – 15 mm phenocrysts 
of quartz, K-feldspar, and plagioclase set in a fine-grained matrix. Six concordant zircon fractions give a 
range of ages from 15.615 to 16.3 Ma. Four of the fractions overlap around ~ 15.7 Ma.
DISCUSSION
Our U-Pb zircon geochronological data provide new information regarding the timing of magma-
tism and mineralization during the post-Laramide evolution of northern Colorado. With these high-pre-
cision analyses we are able to resolve distinct episodes of mineralization that broadly transition from Pb 
(± Ag ± Zn) deposits associated with dominantly intermediate magmas to Mo-F-rich, granite-associated, 
mineral deposits (Bookstrom, 1990; Stein and Crock, 1990; Chapin, 2012). We tie these data back to 
models explaining the spatio-temporal evolution of magmas in the Colorado mineral belt and late Rio 
Grande rifting overprint.
Interpretation of crystallization ages
Thermal annealing and chemical abrasion pre-treatment of zircon removes mineral inclusions and 
the radiation-damaged domains where Pb loss occurs (Mattinson, 2005). This permits the assumption that 
each analysis has no initial Pb; all common Pb is lab blank. The occurrence of feldspars (K-feldspar and 
plagioclase), quartz, and apatite inclusions in our analyzed zircon do not appear to effect total common Pb 
determined via ID-TIMS (Fig. S2), and we conclude chemical abrasion effectively removed all inclusions. 
When combined with advances in uncertainty analysis (McLean et al., 2011), modern chemical abrasion 
methods yield high-temporal age precision. Such low analytical uncertainties often result in overdisper-
sion of ages. Dispersion is typically summarized with the mean standard of weighted deviates (MSWD) 
value, which is associated with weighted mean ages. A MSWD > 1 indicates age dispersion beyond ana-
lytical uncertainty, and therefore requires an interpretation of geological scatter. Mechanisms used to ex-
plain overdispersed zircon spectra include: 1) inheritance of older zircon, either from antecedent magma 
bodies, wallrock, or entrainment from the magma source (antecrystic or xenocrystic zircon), 2) prolonged 
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zircon crystallization in a common magma reservoir (autocrystic zircon), and/or 3) unmitigated Pb loss 
(Miller et al., 2007; Samperton et al., 2015). Our interpreted ages are presented in Fig. 2 and discussed in 
detail below.
Observed zircon age spectra in this study can be split into three types. The first type yield spectra 
with relatively simple concordant, overlapping ages (NC16-02, KL18-03, MZ17-10, and NS17-05). We 
accept a weighted mean age as the best estimate for crystallization age for these samples. The second type 
of spectra are characterized by a main group (n ≥ 4) of overlapping analyses with at least one “tail” which 
may be older or younger than the main group (WP17-08, MM17-16, 10-KJ-MC-94, NS17-02, TQ18-02, 
CMR16-01, RLP78-01). The third type lack an obvious main group and have nearly continuous spectra of 






























Figure 3. Representative SEM images and observations of zircons used in this study. (a) CL images of zircon from 
sample MM17-16 (Middle Mountain rhyolite) showing the range of textures observed. Note bright rounded core in 
fraction z16. Age for z16 is the 207Pb/206Pb age, all others in the figure are Th-corrected 206Pb/238U ages. Fraction z14b 
is etched and has cloudy zones overprinting oscillatory patterns. (b) Back-scatter electron image of z24 from MM17-
16 showing a vug with monazite and etched grain boundary. (c) CL images for other samples, including examples of 
rounded cores in TQ18-02 and TL18-01. Fraction z2.5 from CMR16-01 has truncated oscillatory zones in the core. 
Plagioclase and apatite inclusions were common in many samples. nd – not dated
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Spectra with young “tails” and a main “plateau” are interpreted as the result of unmitigated Pb 
loss. Although chemical abrasion does an excellent job removing Pb loss domains, it is not necessarily 
completely effective. Zircon from volcanic strata have been shown to have Pb fractions younger than 
eruption ages of units stratigraphically higher, and are interpreted as unmitigated Pb loss (Ovtcharova et 
al., 2015). Zircon from shallow porphyries that interacted with hydrothermal fluids have also been shown 
to have unmitigated Pb loss (Gaynor et al., 2019). Samples in our study showing evidence for Pb loss are 
all from shallow porphyries associated with hydrothermal alteration. Further evidence for unmitigated 
Pb loss is apparent in the three youngest fractions from the Middle Mountain rhyolite (MM17-16). CL 
imagery for the youngest fraction (31.89 ± 0.89 Ma; Fig. 3a) shows a broad concavity, similar to one ob-
served an undated zircon that also has a vug filled with monazite. We suggest these crystals reacted with 
a P-rich hydrothermal fluid sometime after ~ 32 Ma. We generally avoided selecting zircon with obvious 
embayments which could be the result of interaction with hydrothermal fluids. However, it is possible that 
hydrothermal fluids induced Pb loss in some of our samples and our chemical abrasion was not complete-
ly effective. Zircon analyses in the young tail of these samples were therefore excluded from our estimates 
for crystallization age.
 Some of the age spectra have a main group of overlapping ages and one or more fractions in an 
older tail. Interpretation of this type of spectra requires us to distinguish between recycling of zircon from 
antecedent intrusions or crystal mushes (antecrysts) and prolonged crystal growth in a common magma 
(autocrysts). Some of the samples have > 800 ka difference between their minima and maxima ages. It 
is difficult to justify the entire spread as in situ autocrystic zircon growth because all of the samples are 
upper crustal intrusions or derived from posited shallow magma bodies (i.e., Chalk Mountain rhyolite). 
Most are also fairly small map units, the largest being the Montezuma pluton (~ 30 km2). Even conserva-
tive pluton cooling models which exclude hydrothermal circulation predict crystallization in less than a 
few 100 ka (Cathles, 1981). We see some evidence for recycling of antecrystic zircon in our dataset. The 
oldest analyzed zircon from the Chalk Mountain rhyolite has truncated oscillatory zones visible under CL 
(Fig. 3c). This can be viewed as evidence for zircon crystallization, rejuvenation of the magma system 
resulting in partial dissolution of zircon, and new magmatic zircon growth. We interpret older tails as 
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antecrystic in samples that have a main group of four or more overlapping analyses. We use the weighted 
mean age of the main group as the best estimate for final crystallization. Note that two of the samples also 
show evidence for Pb loss (10-KJ-MC-94 and RLP78-01, discussed above). 
Three samples have less obvious main groups making identification of tails in their distribution 
speculative. The eastern megacrystic phase of the Montezuma pluton (MZ17-07) yields a spectrum that is 
more or less continuous between 39.3 and 38.3 Ma. For this sample, we adopt a conservative estimate of 
crystallization age based on the weighted mean and half of the Δt (difference between oldest and young-
est fractions) in place of 2σ uncertainty (38.83 ± 0.50 Ma). Our estimated age for MZ17-07 overlaps the 
interpreted weighted mean age for the other sample from the Montezuma pluton (38.766 ± 0.042 Ma; 
MZ17-10; Fig. 2). Likewise, we accept Δt/2 as the uncertainty for the megacrystic dike in the Twin Lakes 
pluton (TL18-01; 34.03 ± 0.11 Ma) and a granite from the summit of Mount Cumulus (10-KJ-MC-91; 
28.23 ± 0.11 Ma). All three samples of Mount Cumulus granite yield ages with overlapping uncertainties 
(Fig. 2).
Comparison to existing geochronology
Using only the previous geochronology (horizontal gray bars, Fig. 4), it is not possible to differ-
entiate between the timing of mineralization at Leadville, Montezuma, and the start of Mo-F mineraliza-
tion. The CA-ID-TIMS technique offers better temporal precision, is more resistant to thermal perturba-
tions than previously used chronometers (K-Ar, fission track), and therefore lends new insight regarding 
the pulsed nature of these events.
Leadville-Kite Lake area
The crystallization age of intermediate intrusions in the central CMB has been the cause for much 
confusion. There are conflicting age relationships where supposedly ~ 65 Ma megacrystic intrusions are 
mapped as cutting ~ 43 Ma finely porphyritic sills. Wallace (1995) suggested the younger ages could re-
flect thermal disturbance of the zircon fission track chronometer. A simpler explanation is that there were 
multiple episodes of granodiorite intrusions, including multiple intrusions of megacrystic Lincoln-type 
porphyries. Our zircon date for a granodiorite sill between Leadville and Climax confirms the presence 
of 43.5 Ma finely porphyritic intrusions around Leadville. This is further supported by recent work in the 
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Twin Lakes pluton; the pluton was previously thought to be ~ 64 Ma based on one age (Fridrich et al., 
1998), but new laser ablation U/Pb zircon ages demonstrate the megacrystic phase was assembled be-
tween 63 and 57 Ma and again between 43 and 40 Ma (Feldman, 2010). Our sample dates of ~ 43.5 and 
39.7 Ma could therefore be equivalent to the youngest pulse of magmatism in the Twin Lakes pluton. We 
conclude there is no need to force an interpretation that megacrystic intrusions in the central CMB need to 
all be > 60 Ma, and instead we suggest the Twin Lakes pluton and Leadville area might have a very simi-



















































Figure 4. Summary of geochronology relating magmatism, large volume volcanism, and mineralization in Leadville 
(only late Eocene), Montezuma, and younger Mo-F prospects and deposits. (a) Summary of the timing of mineral-
ization in Leadville (blue), Montezuma (green), and various pulses of Mo-F mineralization (red). Vertical black bars 
correspond to ages of ignimbrites sourced from the Sawatch Range trend (Lipman and Bachmann, 2015). Note that 
early, low-grade Mo-F porphyries intruded immediately after the onset of the ignimbrite flareup. (b) A more detailed 
comparison of data from this study to geochronology in previous studies. Horizontal gray bars correspond to 2σ 
uncertainty of previous geochronology (summarized in Table 1; additional Climax ages from Bookstrom, 1989). 
Colored bars correspond to samples from this study. Length of colored bars has been slightly exaggerated beyond 2σ 
analytical uncertainty for clarity. Never Summers bar represents total range between samples NS17-02 and NS17-05.
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The timing of carbonate replacement mineralization in the Leadville district is bracketed be-
tween intrusion of pre-mineral granodiorite to quartz monzonite intrusions and the late white rhyolite 
(Thompson and Arehart, 1990). Assuming the Kite Lake rhyolite is indeed an extension of texturally and 
compositionally similar post-ore rhyolites in Leadville (Bookstrom, 1990), we estimate the timing of 
mineralization in Leadville to be between 43.55 ± 0.12 and 39.715 ± 0.044 Ma. Sericite K-Ar data from 
an altered granodiorite sill in an orebody in the Leadville district has an age of 39.6 ± 1.7 Ma (Thompson 
and Arehart, 1990). These data suggest that the K-Ar sericite age is either reset by intrusion of the rhyolite 
porphyry, or carbonate replacement mineralization and rhyolite intrusion occurred in rapid succession. 
Montezuma area
The Montezuma pluton was previously reported to have intruded at 39.8 ± 4.2 Ma and Ag-Pb-Zn 
mineralization was thought to be associated with the intrusion of small volcanic plugs along the south and 
eastern portion of the pluton between 39 – 37 Ma. It was hypothesized that the small intrusions connected 
to a pluton at depth, south of the exposed Montezuma pluton (Bookstrom et al., 1987). Our data from one 
of the hydrothermally altered volcanic plugs (Webster Pass rhyolite) and the Montezuma pluton all over-
lap within uncertainty at ~ 38.7 Ma. Therefore, the Montezuma pluton was assembled in less than 1 Ma 
and was coeval with volcanic plugs to the south. Alteration and mesothermal mineralization within and 
south of the pluton therefore have a maximum age of ~ 38.7 Ma. This requires that Montezuma mineral-
ization is at least 1 Ma younger than carbonate replacement mineralization at Leadville, and therefore it is 
unlikely to have come from the same pulse of magmatic-hydrothermal activity.
Resolving the lower bounding age of Ag-Pb-Zn mineralization in the Montezuma area is more 
difficult. The eastern phase of the pluton is propylitically altered, and alteration continuous into the shear 
zone and reaches its highest intensity near Webster Pass where the volcanic plug contains pervasive 
quartz-sericite ± pyrite alteration. The close association of mineralization, alteration, and intrusions sug-
gest the system behaved similar to well-studied porphyry-style ore deposits, whose hydrothermal systems 
can evolve in 10’s of ka or less (Mercer et al., 2015; Li et al., 2017).
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Mo-F deposits and prospects
The oldest Mo porphyry is the Middle Mountain rhyolite, and was previously reported to be 37.9 
± 1.3 Ma (Ranta, 1974). Our new data indicate the intrusion crystallized at approximately 36.45 Ma, 
somewhat younger than previously reported. Another Mo prospect located along the Sawatch Range, the 
Turquoise Lake prospect, intruded at approximately 35.8 Ma, in good agreement with the existing K-Ar 
age (Craig, 1980). 
The Chalk Mountain rhyolite erupted from the magma system that formed the Climax deposit 
(Bookstrom, 1989; Audétat, 2015) and is believed to be the volcanic equivalent to the mineralizing 29.8 
± 0.4 Ma  Bartlett stock within the Climax mine. Our data require either the Bartlett stock to be much 
younger (~ 26.3 Ma), or the two are not an extrusive-intrusive pair. It is possible that the K-Ar Bartlett 
age includes excess Ar: compositionally comparable samples of the Red Lady Porphyry and Middle 
Mountain rhyolite also have U/Pb zircon ages that are 1 - 2 Ma younger than existing K-Ar ages (Fig. 4).
Although the Never Summers igneous complex is not significantly mineralized, it is comparable 
in terms of major and trace element chemistry to mineralizing intrusions at Henderson and Climax (Jacob 
et al., 2015), is locally anomalously enriched in Mo and Ag (Pearson et al., 1981), and has been pros-
pected in Jack Creek. If mineralization in this area is related to the F-rich silicic melts, then we conclude 
it likely occurred between 29.2 and 28.16 Ma. All three of our Mount Cumulus samples overlap within 
uncertainty, suggesting the pluton was assembled in 10’s to 100’s of ka. Our weighted mean ages are 
slightly older than the one reported by Jacob et al. (2015; ~28.16 versus 28.02 Ma). This discrepancy is 
due to external uncertainty of the different tracers. Our lab measured the Earthtime 100 Ma solution with 
our GS-1 spike, resulting in a mean age of 100.61 Ma, which is ~ 0.42% higher than values reported from 
other labs with Earthtime tracers (100.188 Ma; Wotzlaw et al., 2017). This offset would increase the age 
obtained by Jacob et al. (2015) by 118 ka (28.132 Ma). 
Mo-F porphyries and the ignimbrite flare-up
Examination of data presented in Figure 4 reveals a 1.3 Ma gap between Ag-Pb-Zn mineraliza-
tion in Montezuma (38.7 Ma) and the start of granite-related, Mo stockwork mineralization at Middle 
Mountain (36.4 Ma). This gap corresponds to the onset of regional ignimbrite eruptions, marked by the 
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deposition of the 37.3 Ma Wall Mountain tuff (Zimmerer and McIntosh, 2012). Thus, Mo-F porphyry 
style mineralization began within ~ 900 ka of the beginning of caldera-forming magmatism. These data 
strongly suggest that the processes that drive regional ignimbrite formation can also contribute to trace 
Mo-F porphyry mineralization. This is not say that Ag-Pb-Zn mineralization ceased after the onset of vo-
luminous volcanism - the Creede and Lake City calderas, amongst others, host epithermal mineral depos-
its (Barton et al., 2000; Garden et al., 2017). Instead, we emphasize that Mo-F mineralization appears to 
have initiated very close in time to the volcanic flare-up and that the persistent influx of magmas into the 
shallow crust also created conditions favorable for epithermal mineralization (i.e., Ag-Pb-Zn).
The observation that Mo mineralization follows caldera formation has been made elsewhere 
in the United States. A hydrothermal well drilled near the margin of the Valles caldera intercepted a 
Mo-bearing breccia (Hulen et al., 1987). Mineralization of the Questa porphyry Mo deposit began 500 ka 
after the eruption and collapse of the Questa caldera (Rosera et al., 2013). The mineralizing intrusions that 
generated the Questa Mo deposit were hypothesized to have been extracted from a hybridized zone in the 
deep crust composed of juvenile mafic rocks, hydrothermal assemblages, and ancient lower crust (Rosera 
et al., 2013). 
The temporal relationship between Mo-F mineralization and generation of ignimbrites appears 
to break down for larger deposits in northern Colorado (Climax, Henderson, and Mount Emmons). These 
classic “Climax-type” Mo deposits in the region are associated with rifting (Carten et al., 1993; Ludington 
and Plumlee, 2009). However, models explaining both rift-related Mo mineralization and the assembly 
of caldera-forming magma bodies require an influx of mantle-derived melts into the deep crust to induce 
anatexis (Johnson et al., 1990; Stein and Crock, 1990; Carten et al., 1993; Riciputi et al., 1995; Jacob et 
al., 2015). We suggest Climax-type and ignimbrite-related Mo porphyry mineralization might develop 
under fundamentally similar scenarios, just at varying magnitudes or timescales. For example, Rosera 
et al. (2013) hypothesized the influx of mantle-derived melts (and volatiles) rapidly modifies the lower 
crust, resulting in a zone that is fertile with respect to generating mineralizing intrusions. The prolonged 
interactions of mantle-derived melts and deep crust in a rifting environment could therefore reflect an 
extended period of hybridization of the deep crust. Conversely, caldera-forming magma systems are rapid, 
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high-volume melting events resulting from short-lived bursts of anatexis driven by an influx of mantle-de-
rived melts and volatiles (Annen, 2009). Such an event can rework the deep crust, but perhaps not to the 
same degree as in a rifting environment.
Our data lend some information regarding different states of the lower crust between formation 
of early Mo porphyries and later Climax-type deposits. Samples that are < 30 Ma are devoid of normally 
discordant, xenocrystic zircon (Table 2). Precambrian xenocrysts are fairly abundant in older samples 
(including those from the Leadville-Kite Lake area), and many bright and/or rounded cores were observed 
under CL for these samples (Fig. 3c). The conspicuous absence of xenocrystic zircon in magmas < 30 
Ma could be explained as the result of a prolonged influx of mantle-derived magmas that heats the lower 
crust to the point where zircon dissolve. A similar mechanism was used to explain the lack of Precambri-
an zircon in Oligocene-aged unmineralized intrusions the southern CMB (Gonzales, 2015). These data 
support the notion that rift-related and ignimbrite-related Mo porphyries differ depending on the longevity 
of mantle-crust interaction. However, more work is required to better evaluate this process. 
Rotation in the orientation of magmatism
Our new U/Pb zircon geochronology confirm the presence of an approximately 43.5 to 38.7 
Ma intrusive system on the east side of the Arkansas Valley, which we suggest is equivalent to the late 
pulse of intrusions within the Twin Lakes pluton (43 to 40 Ma; Feldman, 2010). Consequently, a north-
east-southwest trending magma center stretched across the modern Arkansas valley between 43 and 39 
Ma. This system could include the porphyries around Breckenridge (44 to 41.8 Ma; Pride and Robinson, 
1978). Many of these magmas invaded northeast-trending structures, as is apparent from the intrusion of 
the Montezuma and Webster Plugs within the Montezuma shear zone as well as the northeasterly strike of 
the Kite Lake rhyolite dikes.
The Kite Lake rhyolites were previously reported to have a mean zircon fission track age of ~ 35 
Ma (Bookstrom, 1989); however, our new data demonstrate they are part of an older magma system more 
closely related to the Twin Lakes pluton. Instead, most of the intrusions between 33 and ~ 38 Ma appear 
to have been oriented approximately north-south along the trend of the Sawatch Range. For example, both 
the Middle Mountain and Turquoise Lake Mo prospects intruded the eastern Sawatch Range. The 35.8 
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Ma Turquoise Lake porphyry overlaps in age with the oldest U/Pb zircon ages from the Mount Princeton 
batholith to the south. This intrusion ascended along an approximately north-south fault in the eastern 
Sawatch Range (Craig, 1980). Sample TL18-01 (~34.0 Ma) is a megacrystic dike that can be traced ~ 17 
km along a north-south strike (Fridrich et al., 1998). These data demonstrate that before 38.7 Ma, mag-
matism in the CMB was focused into northeast-tending zones, but the dominant orientation began to shift 
after 38.7 Ma. 
Towards an integrated magmatic, tectonic, and mineralization model
The above discussion suggests the onset of caldera-forming eruptions at 37.3 Ma corresponds 
to 1) the beginning of Mo-F porphyry mineralization, and 2) a shift in the orientation of magmatism in 
northern Colorado. These observations could have important implications for the tectonic, magmatic, and 
mineralization history of the CMB and SRMVF as a whole. To better understand how the observations 
discussed above fit into the Laramide and younger history of northern Colorado, we first must consider 
models that explain the spatio-temporal evolution of magmas in the region. We discuss the following 
models in further detail below: 1) magmas tracked the leading edge of the subduction zone and eventual 
rollback of the beginning slab (Bookstrom, 1990), and 2) a leaky segment boundary in the Farallon slab 
existed beneath the modern CMB and helped drive pre-43 Ma magmatism (Chapin, 2012).
Leading edge of subducting plate model
Bookstrom (1990) constructed a time-distance plot of magma centers located along a north-
east-trending line through the CMB. Intermediate magmas were inferred to record a northeast advance 
of the Farallon slab beginning ~ 75 Ma, with a major pulse of granodiorite intrusions in the central CMB 
between 75 and 65 Ma (e.g., Twin Lakes). The slab is then inferred to have rolled back to the southwest 
beginning around 45 Ma, resulting in trenchward retreat recorded in various quartz monzonite-granodio-
rite intrusions and the location of caldera centers. This model does not directly explain why magmas were 
focused into the northeast-trending CMB, which would be roughly parallel to the direction of subduction. 
Presumably, magmas generated above the leading edge of the plate were focused into ancient shear zones 
described by Tweto and Sims (1963) and observed discontinuously throughout the CMB.
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Several problems arise from the Bookstrom (1990) model. First, our study along with that of 
Feldman (2010) demonstrate that a suite of granodiorites and volumetrically minor rhyolites intruded the 
central CMB between ~ 43.5 and 39.7 Ma; the granodiorites cannot be described as a single advancing 
front. Another problem is the advance-retreat model is spatially biased because the southwest portion of 
the SRMVF is covered by volcanic rocks. Intrusive centers older than the San Juan volcanic rocks (> 37 
Ma) are likely buried and unavailable for sampling. It should therefore be expected that there is a gap in 
older ages to the southwest. 
In an effort to reconstruct the time-distance plot of Bookstrom (1990) with less spatial biasing, 
we  compiled age and locations of igneous rock samples from Navdat (navdat.org), literature compilations 
(Wallace, 1995), and recent studies in the region (Feldman, 2010; Zimmerer and McIntosh, 2012; Mills 
and Coleman, 2013; Gonzales, 2015). Then we constructed a weighted bootstrap estimate of the mean 
center of magmatism for 5 Ma age bins along a line that extends along the trend of the CMB (A to A’ on 
Fig. 1a). The probability of selecting a given sample was inversely weighted based on the spatial sample 
density and size of the analytical uncertainty. Resampling was completed 1000 times for each age bin. 
We are interested in tracking intrusive centers, so volcanic rocks that might be located far from their vent 
were removed. An exception was made for calderas – we extracted centroids from mapped calderas in the 
SRMVF and also projected those onto the line (Figure 5a).
Examination of the sample data on a time-distance plot (black and white symbols, Fig. 5a) reveals 
that magmatism appears to have been nearly continuous over 10’s of Ma in parts of the CMB: from ~ 75 
to 25 Ma near the Leadville area (280 – 300 km northeast of the westernmost exposed CMB magmas), 
and from ~ 80 to 45 Ma to the northeast (~ 350 km from the origin).  Some of this might be due to reset-
ting of geochronometers prone to thermal perturbations, especially for samples between 55 and 45 Ma. 
For example, U/Pb zircon data from the Twin Lakes pluton demonstrate it was assembled in two discrete 
pulses; the intermediate ages derived from thermochronology in that region could represent incomplete 
resetting of the older group. Wallace (1995) notes a hiatus in magmatism between 60 and 45 Ma in the 
Leadville area. The time period between 55 and 45 Ma may have experienced relatively little magmatism, 
































































































































































































































































































































































































































































































































































































































































































































































































































































































those bins (Fig. 5b). 
The bootstrapped mean center of magmatism can be used to make inferences about the advance 
and retreat of magmatism (green dots and lines; Fig. 5a). Age bins between 65 and 45 Ma show a progres-
sive northeast shift in magmatism, consistent with an advancing front of magmatism. However, the oldest 
bin (65 – 70 Ma) is located more than 200 km from the origin of the line in the southwest and does not 
follow this trend. Some of the samples in this age bin are from the alkalic monzonite suite, whose advance 
is described as preceding slightly younger granodiorites (Bookstrom, 1990). It is not clear why an advanc-
ing slab would have two fronts of magmatism. Finally, Bookstrom (1990) suggests rollback began at 45 
Ma, but the mean center of bins between 45 and 35 Ma overlap in our model; the southwest “retreat” does 
not occur untl after 35 Ma.
Thus, the advance and retreat model explains some aspects of the time-space patterns of magma-
tism in the CMB, but it also has unsatisfactory aspects. It does not explain why an advancing slab seg-
ment would have two different magma fronts resulting in magmatism that was already deeply inland by ~ 
70 Ma. Moreover, it does not explain why areas like Twin Lakes and Leadville experienced large pulses 
of compositionally similar magmatism between ~ 65 – 55 and 45 – 40 Ma (Figs. 5a & b). It is unclear 
why the advance and retreat of a subducting slab would induce melting in the same spot in discrete epi-
sodes separated by as much as 10 Ma.
Leaky slab segment model
An alternative model that has been used to explain the spatio-temporal pattern of Laramide and 
younger magmatism in and around the CMB was suggested by Chapin (2012). This model suggests that 
magmas formed above a leaky segment boundary in the Farallon slab. The segment was dilated as north 
and south segments downwarped beneath a reentrant in thick cratonic lithosphere. This environment 
persisted until ~ 43 Ma, when subduction is posited to have dramatically slowed. The slab segment then 
retreated southwestward after ~ 37 Ma.
A benefit of this model is it can tie pulsed episodes of magmatism to the Farallon plate without in-
voking the location of a leading edge. The leaky slab segment could have dilated at different times, result-
ing in an influx of heat from the asthenosphere the drove magmatism. However, the leaky segment model 
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requires rapid convergence of the Farallon and North American plates to dilate the subducting plate. Hot 
spot reconstructions suggest that the convergence rate was ~ 140 km/Ma between 65 and 61 Ma (Enge-
bretson et al., 1985) which may have dilated the slab to drive the pulse of magmatism around that time. 
However, the rate of convergence was highest (150 km/Ma) between ~ 61 and 47 Ma, that corresponds to 
a relative lull in magmatism within the CMB (Fig. 5b; Wallace, 1995). 
The presence of a northeast-trending suite of magmas within the central CMB between 43 and 39 
Ma also poses problems for the leaky segment model. These magmas would have intruded after the rate 
of subduction slowed, and therefore cannot be correlated to rapid convergence keeping a slab segment 
dilated. Chapin (2012) states rollback magmatism was superimposed on the CMB between 43 and 37 Ma, 
but it instead appears the late Eocene pulse of magmas followed the same pattern of magmatism as > 43 
Ma intrusions. If the Farallon slab controlled the northeasterly trend of intrusions and the subducting slab 
decoupled from North America beginning around ~ 43 Ma, then magmatism would be expected to break 
away from the northeasterly confines of the mineral belt.
We tested the assertion that the 43 to 39 Ma pulse of magmatism followed a similar pattern as 
older CMB intrusions by analyzing the two-dimensional spatial distribution of sample points. All samples 
were placed into 5 Ma age bins and each bin was resampled following the weighted bootstrap technique 
above (e.g., inversely weighted to sample density and age uncertainty). For each resample, the disper-
sion of point locations was quantified with standard deviational ellipses (Yuill, 1971). This method fits 
an ellipse to spatial point data: the axes of the ellipse are proportional to the standard deviation of point 
locations around the geographic mean center. The output includes the ellipse eccentricity and the ori-
entation. The eccentricity is defined as the ratio of the distance from the ellipse center to one of the foci 
divided by the length of the semi-major axis (i.e., half the major axis diameter). Thus, an eccentricity of 
0 corresponds to a circle (center to focus distance = 0) and highly eccentric ellipses approach a value of 
one. The orientation is the measure of the angle between of the major axis relative to north. Three exam-
ples of standard deviational ellipses in map view are presented in Figure 6. The average eccentricity and 
orientation for ellipses was determined for each 5 Ma age bin by completing 100 bootstrap simulations for 
each (Fig. 5c & d).
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Examination of Figures 5c & d indicate before 35 Ma magmatic centers follow the general ori-
entation of the CMB (N43E, dashed gray line on Fig. 5c; see also Fig. 6). After 35 Ma, there is a distinct 
shift in the orientation of magmatism and a corresponding decrease in the eccentricity of the ellipses; 
they become more circular, which indicates there is no longer a strongly preferred orientation of magma 
centers. The 35 – 40 Ma age bin has a mixture of intrusions that still follow the northeast trend and also 
magmas that invaded the more north-south trending Sawatch Range (Figure 6), which results in lower av-
erage ellipse eccentricity (i.e., more circular). The strongest deviation from the trend of the CMB occurs 
in the 30 – 25 Ma age bin concurrent with the onset of rifting. These observations support our inference 













60 - 65 Ma
Rotation:  48°
eccentricity: 0.96
40 - 45 Ma
Rotation:  42°
eccentricity: 0.90






Figure 6. Example standard deviational 
ellipses showing results for one iteration 
with select 5 Ma age bins (1σ ellipse 
shown). (a) Ellipse and associated points 
for samples between 60 and 65 Ma, note 
strong northeasterly trend. (b) As in (a), but 
showing results for 40 – 45 Ma. (c) Ellipse 
showing 30 – 35 Ma age bin. Note a more 
northerly orientation of major axis due to 
numerous samples along the trend of the 
Sawatch Range.
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and challenge the inference that a leaky slab had already broken away from the base of the North Ameri-
can lithosphere by 43 Ma.
Implications for evolution of Laramide and younger magmatism in Colorado
Our zircon geochronology in conjunction with analyses presented in Figure 6 suggest that the 
time period between ~ 36.4 and 38.7 Ma represents a fundamental shift in the patterns and power input 
of magmatism, as well as the onset of Mo-F porphyry mineralization. The 1.3 Ma interval corresponds to 
the onset of ignimbrite eruptions when magmatism broke away from the northeasterly trend of the CMB. 
Neither the advancing slab nor leaky segment boundary model can fully explain these temporal changes, 
at least in their current form. 
We suggest an alternative explanation wherein 1) the pre-39 Ma magmatism in northern Colorado 
was the result of focusing slab-derived fluids into weak zones throughout the North American lithosphere, 
and 2) post-39 Ma magmatism, but pre-rifting, was driven by conductive heating of wide regions of the 
recently metasomatized North American lithosphere. Recent tomography beneath the Colorado Rocky 
Mountains identified a northeast-trending low velocity structure that extends to ~ 150 km depth into the 
mantle (MacCarthy et al., 2014). These data suggest that the well-documented northeast-striking Protero-
zoic shear zones within the CMB extend deep into the lithosphere, and are likely related to Proterozoic 
accretionary events (Tweto and Sims, 1963; Bowring and Karlstrom, 1990; MacCarthy et al., 2014). Xe-
nolith studies demonstrate that fluids evolved from the Farallon slab during Laramide subduction hydrated 
ancient the lithospheric mantle (Smith and Griffin, 2005; Lee, 2005). The flat-slab segment of the Farallon 
plate is hypothesized to have hydrated and refrigerated the base of the North American lithosphere, and 
subsequent removal of the Farallon plate resulted in laterally extensive melting at the base of the litho-
sphere (Farmer et al., 2008). The evidence for hydration and refrigeration from the subducting slab and 
tomographic imaging of deep-seated Proterozoic structures suggest that magmatism before the ignimbrite 
“flare-up” was driven by fluids ascending from the Farallon slab and leaking into the lower crust where 
they depressed the solidus and induced melting (Stein and Crock, 1990).
The interaction of a hydrating Farallon slab and a leaky overriding lithosphere better explains 
why pre-39 Ma magmas were mostly confined to a northeast-trending belt within a broader magma gap. 
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Clemens et al. (2020) note that fluid fluxing from a flat slab will only induce small volumes of melting 
if fluids can escape upward into channels. Fluid-present, or even fluid-deficient melting (Clemens et al., 
2020), driven by channelized fluid flow through the North American lithospheric mantle and into the 
lower crust would result in small volume melts, consistent with early CMB magmatism. We speculate the 
pulsed nature of pre-39 Ma magmatism could be related to episodic hydration events from the Farallon 
slab, perhaps related to deformation of the slab associated with interactions with North American litho-
sphere (Sun et al., 2017). Subsequent removal of the Farallon slab resulted in widespread fluid-absent, or 
dehydration, melting at the base of the recently metasomatized lithospheric mantle. This event generated 
as much as 7 M km3 of basaltic magma in the SRMVF alone (Farmer et al., 2008). These basaltic magmas 
accumulated in the lower crust, resulting in deep crustal anatexis and the generation of large volumes of 
magmas that fed caldera-forming magma systems. Locally, the rapid influx of basalt hybridized the deep 
crust creating conditions favorable for generation porphyries associated with low-grade Mo deposits. 
These lower crust melts ascended along structures that were oblique to the general trend of the CMB, 
resulting in a significant change in the pattern of magmatism during the ignimbrite flare-up.
CONCLUSIONS
Magmatism in northern Colorado during the late Eocene developed during the waning stages of 
Laramide subduction and the eventual decoupling of the Farallon slab from the North American plate. 
Our new high-precision zircon geochronology suggests a pulse of dominantly intermediate magmas 
intruded the crust between 43.5 and 38.7 Ma. These magmas are associated with carbonate replacement 
mineralization in the Leadville district, which we suggest occurred between 43.5 and 39.715 Ma. Far-
ther to the northeast, a separate Ag-Pb-Zn mineralization episode associated with the construction of the 
Montezuma pluton occurred at 38.7 Ma. This suite of intrusions is similar in age to the youngest pulse of 
magmatism observed within the Twin Lakes pluton and part of composite magma system that intruded 
along the northeasterly trend of the CMB between approximately 43 to 39 Ma.
The earliest Mo-F rhyolite porphyry system in northern Colorado intruded at 36.45 Ma – only 
900 ka after the start of ignimbrite-forming volcanism. The ignimbrite flareup and southwestern rollback 
of calderas is generally considered to represent the decoupling of the Farallon slab from the overriding 
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North American plate. We suggest that the Mo-F deposits that formed before major rifting (~ 30 Ma) 
reflect melting of the lower crust associated with the early stages of the ignimbrite flareup. 
The transition to ignimbrite-forming volcanism and the onset of Mo-F mineralization correspond 
to shift in the regional magma pattern. Pre-39 Ma magmas follow a strong northeast-oriented trend, but 
that pattern begins to break down after 35 Ma, and possibly as late as 37.3 Ma. Our data highlight the 
utility of high-precision zircon geochronology in better resolving ages of magmatic-hydrothermal sys-




















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































CHAPTER 5: THE SOURCE OF CRETACEOUS AND YOUNGER MAGMAS IN 
THE COLORADO MINERAL BELT AND NORTHERN RIO GRANDE RIFT
INTRODUCTION
Understanding the formation of mineralizing magmas in porphyry systems is important for build-
ing better exploration and resource models, as well as understanding how mineralization relates to region-
al tectono-magmatic framework (e.g., Richards, 2003). In continental settings, intrusion of silicic magma 
into the upper crust is associated with pluton assembly, volcanism, and in many places, porphyry- and 
epithermal-style mineralization (Mo, Ag, Pb, Zn vein and stockwork deposits, amongst others; Heden-
quist and Lowenstern, 1994; du Bray, 2007; Richards, 2009; Gaynor et al., 2019a; Chapter 2). Numerous 
studies address how mineralizing systems are assembled in the upper crust (Seedorff and Einaudi, 2004; 
Audétat, 2010; Gaynor et al., 2019b), but the mechanisms acting at the levels of melt generation remain 
uncertain. Trace element and isotopic measurements of igneous rocks are useful for disentangling what 
source rocks must melt to generate mineralizing intrusions, but inferences regarding the composition of 
the source are limited because direct samples of the deep crust and lithospheric mantle are scarce. 
Problems associated with inferring sources for mineralizing magmas are exemplified in the 
Southern Rocky Mountains of Colorado, where numerous intrusion-related Pb-Zn-Ag deposits and por-
phyry Mo systems are found. Previous work concluded the Pb-Zn-Ag deposits and porphyry Mo systems 
are related to intrusions extracted from mafic and felsic crust, respectively (Simmons and Hedge, 1978; 
Farmer and DePaolo, 1984; Stein and Crock, 1990). These conclusions are at odds with recent studies 
from other areas that suggest key source rocks for generating mineralizing intrusions in continental por-
phyry Mo systems are within the subcontinental lithospheric mantle (Pettke et al., 2010; Liu et al., 2019), 
and intrusion-related Pb-Zn-Ag deposits are associated with melts derived from felsic crust (Zheng et al., 
2015). The volume of mantle-derived melts involved in generating deposits in the Southern Rocky Moun-
tains may have originally been underestimated, because a newer investigation discovered the lithospheric 
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mantle in the region is metasomatized and has relatively unradiogenic Nd and moderately radiogenic Sr 
isotopic compositions (Bailley, 2010). Moreover, a growing body of evidence indicates that porphyry 
Mo mineralization initiated close in time to assembly of voluminous caldera-forming eruptions that are 
derived in part by intruding large volumes of mantle-derived melts (Johnson et al., 1990; Farmer et al., 
2008; Rosera et al., 2013; Chapter 4). Thus, if the mantle-derived melts are from a metasomatized litho-
spheric mantle, then shifts in isotopic compositions associated with juvenile mantle-derived melts could 
be subtle, even for large volume melting events. Testing which of these models is appropriate requires 
integrating geochronological and geochemical data to track changes in radiogenic isotopic compositions.
In this study, we use whole-rock major, trace, and radiogenic isotopic data on igneous rocks 
that intruded during the tectonic transition from Laramide-aged subduction (75 to 45 Ma) to Rio Grande 
rifting (< 30 Ma) in northern Colorado. These data are used to re-evaluate of the origins mineralizing 
intrusions in northern Colorado in light of a growing body of literature in the region, including: 1) new 
datasets of high-precision geochronology (Feldman, 2010; Zimmerer and McIntosh, 2012; Mills and 
Coleman, 2013; Jacob et al., 2015; Chapter 4), 2) precise isotopic characterization of mantle-derived 
rocks from the CMB as well as lower crust mafic xenoliths (Farmer et al., 2005; Bailley, 2010), and 3) 
new seismic data and models regarding deep crustal and mantle structures (Keller et al., 2005; Snelson et 
al., 2005; MacCarthy et al., 2014). Consequently, there exists an excellent framework of independent data 
to explore competing models that describe the source mineralizing intrusions in the area.
GEOLOGICAL SETTING
Laramide subduction and localized magmatism
The Laramide orogeny and associated magma systems are related to subduction of the Farallon 
plate beneath North America between approximately 75 to 45 Ma. A broad magmatic gap extended from 
southern Idaho to southern Arizona during much of this time, except within the narrow swath of the Col-
orado mineral belt (CMB, Fig. 1a; Chapin, 2012). A series of northeast-trending Precambrian shear zones 
extend discontinuously throughout the CMB and are interpreted to have acted as conduits for magmas and 
fluids into the upper crust (Tweto and Sims, 1963). The processes acting at the depth of magma generation 
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Figure 1. Maps showing the location of study area as well as simplified geology. (a) Generalized map showing 
the location of the Colorado mineral belt (CMB) with respect to the San Juan and Central Colorado volcanic fields 
(SJVF and CCVF, respectively) as well as the Rio Grande rift (RGR). Dashed black outlines mark approximate 
outlines of panel b and also Figure 2. (b) Simplified geological map of the central Colorado mineral belt and sample 
sites. Red star marks the location of the Climax Mo mine. (c) Schematic section from panel b (not the same scale) 
highlighting the approximate boundaries between mining districts discussed in the main text. Red stars mark loca-
tions of notable Mo-F porphyries. Cm – Climax mine, GPC – Grizzly Peak caldera, MAC – Mount Aetna caldera, 
MPB – Mount Princeton batholith, RGR – Rio Grande rift, TLP – Twin Lakes pluton.
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plate before subsequent rollback (Bookstrom, 1990), 2) intrusions were focused into the North American 
lithosphere above leaky segment boundary in the subducting Farallon slab (Chapin, 2012), and 3) metaso-
matizing fluids from the Farallon slab invaded ancient lithospheric structures in the North American plate 
that extend into the upper mantle where they induced melting (Chapter 4). Regardless of model, a general 
consensus is emerging that late Cretaceous to late Eocene CMB intrusions are associated with Farallon 
subduction. Igneous rocks that intruded during subduction of the Farallon plate are broadly classified into 
an alkaline group and calc-alkaline suite.
The alkaline intrusions (“monzonite suite” of Simmons and Hedge, 1978) are volumetrically 
minor, mostly confined to northeastern and southwestern ends of the CMB, and associated with Au-Ag-Te 
and W deposits (Mutschler et al., 1987; Bookstrom, 1990). Intrusions from the monzonite suite typically 
have steep normalized REE patterns, low initial 87Sr/86Sr (< 0.706), and initial εNd between -1.0 and -9.3 
(Simmons and Hedge, 1978; Stein and Crock, 1990). Primary melts for this suite of rocks are interpreted 
to represent anatexis of garnet-bearing mafic lower crust (Simmons and Hedge, 1978; Stein and Crock, 
1990). Because this suite of rocks is older (> 45 Ma) and mostly outside of the central CMB they were not 
a focus of our study.
The Laramide-aged calc-alkaline suite is more voluminous than the alkalic suite and predomi-
nantly composed of quartz monzonite and granodiorite (Fig. 1b,c). The Twin Lakes pluton is the largest 
unit in this group and intruded episodically between 63 to 57 Ma and 43 to 40 Ma (Feldman, 2010). A 
series of granodiorite to quartz monzonite stocks, sills, and dikes intruded the Leadville and Alma mining 
districts between approximately 71 and 43.5 Ma (Bookstrom, 1989; Wallace, 1995; Chapter 4). Miner-
alization around the Twin Lakes pluton as well as the Leadville and Alma mining districts is younger 
than the intermediate intrusions. In Leadville, Pb-Zn-Ag carbonate replacement deposits formed where 
mineralizing fluids flowed laterally along contacts between the Leadville dolomite and granodiorite sills 
(Thompson and Arehart, 1990). Rhyolite porphyries cut ore in the Leadville district around approximate-
ly 39.7 Ma (Chapter 4) and can be traced discontinuously northeast into the Alma district (Bookstrom, 
1989). Previous geochemical studies of the Twin Lakes pluton and various intrusions around the Leadville 
district yield REE patterns that are less steeply dipping than the monzonite suite, initial 87Sr/86Sr between 
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0.7061 – 0.7072, and initial εNd between -5.4 to -10 (Simmons and Hedge, 1978; Farmer and DePaolo, 
1984; Stein and Crock, 1990).
Quartz monzonites in Breckenridge and Montezuma are associated with small stockwork Pb-Ag-
Zn ± Bi deposits (Lovering, 1934). The Breckenridge mining district is composed of a complex series 
of monzonite, quartz monzonite, and rhyodacite sills that are between approximately 45 to 41 Ma (Pride 
and Robinson, 1978; Simmons and Hedge, 1978). One sample of the Swan Mountain sill was previously 
analyzed by Simmons and Hedge (1978) and yielded an initial 87Sr/86Sr ratio of 0.70734. The 38.8 Ma 
Montezuma quartz monzonite pluton is located northeast of Breckenridge and is equivalent in age to 
nearby Webster Pass porphyry (Chapter 4). The pluton is composed almost entirely of quartz monzonite, 
which is inequigranular to porphyritic in the west and contains distinct K-feldspar megacrysts in the east. 
Small lenses of aplite and small lamprophyre dikes occur throughout (Neuerburg et al., 1974). Previous 
studies establish the Montezuma quartz monzonite has initial 87Sr/86Sr between 0.7083 – 0.7089 and εNd 
of approximately -8.5 (Simmons and Hedge, 1978; Farmer and DePaolo, 1984; Stein and Crock, 1990).
Post-subduction, pre-rifting
A regional erosional surface formed near the end of the Eocene (Epis and Chapin, 1975). The 
time period between the development of this erosional surface and Rio Grande rifting is associated with 
an “ignimbrite flare-up” that generated enormous volumes of calc-alkaline magmas (Lipman, 2007; 
Farmer et al., 2008; Lipman and Bachmann, 2015). The oldest ignimbrite eruptions (37.3 – 33 Ma) were 
sourced from the north-south trending Sawatch Range (McIntosh and Chapin, 2004; Lipman, 2007). The 
34.3 Ma Mount Aetna and Grizzly Peak calderas are the only two mapped calderas within the northern 
segment of the CMB (Fridrich et al., 1998; Zimmerer and McIntosh, 2012; Frazer, 2017); the exact source 
of the 37.3 Ma Wall Mountain tuff remains uncertain (Zimmerer and McIntosh, 2012; Mills and Coleman, 
2013), but has been hypothesized to be in the vicinity of the 36.0 to 35.5 Ma Mount Princeton batholith. 
Farmer et al. (2008) interpreted this wide-spread melting event to be the result of exposing the base of the 
North American lithosphere to the asthenosphere following a prolonged period of refrigeration and hydra-
tion by fluids from the Farallon plate. 
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The earliest silicic porphyries that are distinctly associated with F-rich stockwork Mo deposits 
intruded during this transitional period between subduction and rifting. The 36.45 Ma Middle Moun-
tain porphyry cuts the Twin Lakes pluton and the 35.8 Ma Turquoise Lake porphyry is located west of 
Leadville (Chapter 4). One sample of the Turquoise Lake stock analyzed by Stein (1985) and Stein and 
Crock (1990) yielded an initial 87Sr/86Sr of 0.71031 and εNd of -10.09. The same studies noted the Middle 
Mountain porphyry has slightly less evolved compositions (87Sr/86Sr of 0.7073 and εNd of –8.02). Both 
of these Mo prospects also are significantly depleted in uranogenic Pb with respect to thoranogenic Pb, 
which was proposed to be a distinguishing property of mineralizing intrusions in the CMB (Stein, 1985; 
Stein and Hannah, 1985).
Rift-related magmatism
Following the inferred rollback of the Farallon slab, the tectonic environment gave way to con-
tinental extension and initial Rio Grande rift development (approximately 25 to 30 Ma; Landman and 
Flowers, 2013; Abbey and Niemi, 2020). The rift basins and normal faults that make up the Rio Grande 
rift system of Colorado are oriented north-south and cut across the central CMB near Leadville (Tweto, 
1979). The 29 to 28 Ma Never Summer igneous complex was uplifted and exposed along large rift-related 
normal faults (Fig. 2)
Fluorine-rich, rift-related Mo deposits (“Climax-types”) and their eruptive equivalents (“topaz 
rhyolites”; Christiansen et al., 1983, 2007) are typically described as silicic end-members of bimodal 
magmatic suites, although the mafic component tends to be volumetrically minor in major Mo deposits 
(Climax, Henderson, Questa; White et al., 1981; Carten et al., 1993; Gaynor et al., 2019). The Never 
Summer igneous complex is an example of a bimodal system where silicic magmas mixed with man-
tle-derived melts to form intermediate volcanic and plutonic rocks (Jacob, 2013; Jacob et al., 2015). 
Silicic magmas in rift-related systems are typically characterized by: high F concentrations; high SiO2 (> 
75 wt.%); metaluminous to weakly peraluminous compositions; moderate to major depletions in Ba, Sr, 
and Eu; and “seagull” shaped REE patterns. (Stein and Crock, 1990; Christiansen et al., 2007; Ludington 
and Plumlee, 2009; Jacob et al., 2015). Stein and Crock (1990) summarized the rift-related granite and 
rhyolites in the CMB as having the lowest observed initial εNd (-8.0 to -14.0), greatest depletions in ura-
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nogenic Pb with respect to thoranogenic Pb, and only moderately elevated initial 87Sr/86Sr (approximately 
0.708 – 0.710). They interpreted these data to reflect derivation of primary melts from deep crustal felsic 
to intermediate crust. 
METHODS
Numerous studies have addressed the isotopic, major, and trace element variations of igneous 
rocks in the CMB and northern Rio Grande rift (Simmons and Hedge, 1978; Farmer and DePaolo, 1984; 
Stein, 1985; Stein and Crock, 1990; Jacob et al., 2015). We selected samples that 1) fill in gaps in our cur-
rent understanding, 2) have existing high-precision zircon geochronology (Chapter 4), and 3) potentially 
better capture processes during the critical transition phase between subduction and rifting. We collected 
multiple samples from the Leadville, Alma, Breckenridge, and Montezuma mining districts within the 
central CMB, as well as porphyries associated with Mo prospects in the Sawatch Range and the Chalk 
Mountain rhyolite (Climax system; Fig 1). We also include new samples from the Never Summer igneous 























Figure 2. Simplified geological map show-
ing the Never Summer batholith, silicic 
dikes, and sampling sites used in this study. 
Faults are dashed where they are inferred 
and/or concealed.
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Whole-rock samples were initially broken in the field prior to being brought to the lab and passed 
through a jaw crusher. Samples were then pulverized to fine powder with an alumina-ceramic SPEX 8530 
shatterbox and sent to Actlabs (Ontario, Canada) for major and trace element analysis. All powders were 
fused with a mixture of tetraborate/metaborate and analyzed with either ICP-OES (major elements and 
Ba, Sr, Zr, Sc, Be, and V) or ICP-MS (REEs and other remaining trace elements). The reproducibility of 
samples was estimated based on duplicate analyses and is comparable to those reported by Frazer (2017).
Isotopic analyses used aliquots of whole-rock powder that were dissolved in high-pressure Teflon 
(Parr) vessels with HF+HNO3 at 180 °C for 72 – 120 hours. The solution was then dried down and fluxed 
in 6 M HCl for 2 hours at 180 °C on a hot plate and subsequently aliquoted for Sr, Pb, and Nd separation. 
Strontium was isolated using Sr-spec cation exchange resin following the method of (Lundblad, 1994). 
Samples were dried down on single Re filaments with a TaF5 activator and analyzed on the VG Sector 
54 TIMS at the University of North Carolina. Strontium analyses used a dynamic multicollector method 
and mass fractionation was corrected by using an exponential law and normalization to 86Sr/84Sr = 0.1194. 
Routine analysis of ~ 284 ng of the Sr standard NBS-987 during the study yielded 87Sr/86Sr = 0.710260 
± 0.000024 (2σ, n = 128). Lead was purified by double-passing aliquots through anion exchange col-
umn chemistry following an HBr-based technique modified after Parrish and Krogh (1987). Neodymium 
aliquots were separated by a two-stage column method modified after Pin and Zalduegui (1997). Samples 
with whole-rock Fe2O3 > ~ 3 wt.% were purified with HCl and AGW50x-4 resin before subsequent REE 
separation stages. Lead and Nd samples were loaded onto single Re filaments with Si-gel and analyzed 
in multicollector mode on the Phoenix TIMS at the University of North Carolina. A mass fractionation 
correction of 0.14 ± 0.02% per a.m.u was applied to Pb analysis, based on replicate analysis of 20 ng 
loads of the NBS-981 standard (n = 34) and Nd were analyzed as oxides and corrected to 146Nd/144Nd = 
0.7219. Replicate analyses of 20 – 40 ng Nd standard JNdi during the same timeframe yielded 143Nd/144Nd 
= 0.512111 ± 0.000016 (2σ, n = 12). All isotopic data were age-corrected to the values listed in Table 1. 




All of the samples we analyzed range from 59 wt.% (Montezuma trachyandesite dike) to 77 wt.% 
SiO2 (Table 2; Figs. 3-6). All of the Pb isotopic data fall below the Stacey and Kramers (1975) two-stage 
Pb model in 207Pb/204Pb versus 206Pb/204Pb space, and above the 208Pb/204Pb versus 206Pb/204Pb model (Table 
3; Fig. 7).  Initial 87Sr/86Sr range from 0.7069 to 0.734, with most samples < 0.7095, and initial εNd ranges 
from – 3.5 to -11.1 (Table 4; Fig. 8).
Intrusions in the Breckenridge, Alma, and Leadville districts
Samples collected from the Breckenridge, Alma, and Leadville mining districts yield two dis-
tinct groups based on major element concentrations: 1) intermediate intrusions ranging from 62 to 69 
wt.% SiO2, and 2) rhyolite dikes with ~ 75 wt.% SiO2. Major element concentrations in the Alma district 
rhyolite dikes follow typical trends on Harker diagrams with decreasing abundances of Al2O3, CaO, MgO, 
and TiO2 with increasing SiO2 (Fig. 2). Intermediate intrusions yield relatively low Rb/Sr (0.10 to 0.15), 
higher Sr (688 to 939 ppm), and Sr/Y (43 to 55) ratios with respect to the rhyolite dikes (Sr < 104, Rb/Sr 
> 2.3, and Sr/Y < 7; Figs. 4, 5). The intermediate intrusions have steep REE patterns with no Eu anomaly, 
whereas the rhyolite dikes yield flat patterns with negative Eu anomalies (Figs. 5 & 6).
Initial 87Sr/86Sr for the quartz monzonite and granodiorites range from 0.7069 to 0.7119 (with 
most samples < 0.70795) and show no clear correlation to SiO2. The two Alma rhyolite dikes yield very 
high initial 87Sr/86Sr ratios of 0.7206 and 0.7340. Neodymium isotopic data for the intermediate rocks 
range from -5.98 to -9.56, that overlaps with the two rhyolite samples (-8.5 and -9.22). The highest εNd 
values are both samples from the Swan Mountain quartz monzonite sill in the Breckenridge district, 
which is more silicic than the other intermediate intrusions we analyzed. Lead isotope ratios for two 
granodiorite dikes from the Alma district are unusually enriched (206Pb/204Pb > 20.4 and 208Pb/204Pb > 38.8; 
Table 4), whereas the other intermediate intrusions in this group yield 206Pb/204Pb between 17.88 and 18.25 
and 208Pb/204Pb between 38.37 and 38.42. Excluding the Alma latite and granodiorite, the 206Pb/204Pb ratios 
show a slight positive correlation with SiO2 with the highest values corresponding to Kite Lake rhyolites 






























































Figure 3. Select major element Harker plots for samples analyzed in this study (large symbols) as well as other 
calc-alkaline Cretaceous and younger rocks from northern Colorado (small symbols). All concentrations are in wt.% 
oxide. New samples generally follow trends established by prior studies in the region, with the trachyandesite dike 
from Montezuma being an exception in terms of Al2O3vand MgO. Highly silicic samples in the Breckenridge-Al-
ma-Leadville group (blue squares) are the rhyolite dikes collected near Kite Lake in the Alma district. A granodiorite 
xenolith entrained in the Chalk Mountain rhyolite overlaps intermediate intrusions from Breckenridge-Alma-Lead-
ville. Literature data sources are: Simmons and Hedge (1978), Farmer and DePaolo (1984), Stein (1985), Bailley 
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Figure 4. Select trace element variation diagrams versus wt.% SiO2. All trace element abundances are given in ppm; 
note that most are in log scale. Symbols are as in Figure 3. Rhyolite dikes from the Alma district have much higher 
Rb and lower Sr + Ba than intermediate intrusions from Leadville-Alma-Breckenridge. However, they have much 
less Y and Nb than other highly silicic rocks from the Never Summers and Chalk Mountain (and rift-related leu-
cogranites). Samples from the Montezuma district and Sawatch Range porphyries have Rb, Sr, and Ba abundances 
that are intermediate between the Alma rhyolites and other quartz monzonite-granodiorite samples from the central 
CMB. However, the Sawatch Porphyries tend to have slightly lower U and Y than the Montezuma rocks.
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Intrusions of the Montezuma district
Samples of quartz monzonite from the Montezuma pluton range from 69 to 71 wt.% SiO2. A 
sample of the Webster Pass volcanic plug is slightly more silicic than the Montezuma pluton (73 wt.% 
SiO2), although the entire outcrop shows evidence for silicification. An aplite collected from the cen-
tral portion of the pluton has approximately 77 wt.% SiO2. A mafic dike with trachytic groundmass and 
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Figure 5. Select trace element and REE ratio variation diagrams. Note that the ordinate in all but the Sr/Y plot is log 
scale. Alma rhyolite dikes have very high Rb/Sr and relatively modest depletions in Eu/Eu*. Intermediate samples 
from Leadville-Alma-Breckenridge have high Sr/Y in comparison to other rocks with similar SiO2 and appear to 
define low values of a positive trend with samples from the Twin Lakes pluton (Frazer, 2017). Symbols are as in 
Figure 3.
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general, the samples from the Montezuma district plot within the general Harker trends defined by other 
rocks from the mineral belt, however the mafic dike has lower Al2O3 and higher MgO (Fig. 3). The quartz 
monzonites that make up the bulk of the Montezuma pluton as well as the Webster Pass porphyry and 
trachyandesite dike show little variability in Rb/Sr (~ 0.3) and Sr/Y (~ 20). For each of these samples, the 
REE patterns are steeply dipping with small, concave-up “scoops” in HREE and small negative Eu anom-
alies. The aplite sample has the highest Rb/Sr from this area and lowest Sr/Y and total REEs.
Three quartz monzonite samples from the Montezuma pluton yield initial 87Sr/86Sr between .7086 
and 0.7094, that overlaps with the trachyandesite dike (0.7091). An aplite sample from within the pluton 
and the Webster Pass porphyry yield the highest initial 87Sr/86Sr in this area (0.7102 and 0.7124, respec-
tively). There is no obvious correlation between initial 87Sr/86Sr and SiO2. Initial εNd for the trachyandes-
ite dike is -6.5, whereas all of the other samples from the Montezuma district have εNd of approximately 
-8.4. Lead isotope compositions are mostly uniform across all of the samples with 208Pb/204Pb values 
between 38.78 and 38.96 and most of the 206Pb/204Pb ratios between 18.35 and 18.44. The Webster Pass 
porphyry has higher initial 206Pb/204Pb than every other sample in this group (18.61). Lead isotope ratios 
show a slight negative correlation with SiO2 (Fig. 7).
Chalk Mountain rhyolite and Sawatch Range porphyries 
We consider the Chalk Mountain rhyolite and silicic porphyries from the Sawatch Range together 
because they are associated with Mo mineralization. For simplicity, a 34 Ma dike with sparse K-feldspar 
megacrysts that cuts the Twin Lakes pluton east of Middle Mountain also considered as part of this group, 
but to our knowledge it is not directly associated with any prospects or old mines (Chapter 4). A sample 
of the Chalk Mountain rhyolite and a granodiorite xenolith collected from the same outcrop have 75 and 
67 wt.% SiO2, respectively. Intrusive porphyries associated with Mo prospects at Middle Mountain and 
Turquoise Lake yield SiO2 concentrations of 75 and 77 wt.%, respectively. The Turquoise Lake porphyry 
has a noticeably silicified matrix. The Twin Lakes megacrystic dike contains approximately 69 wt.% SiO2 
and generally plots within the range of other intermediate intrusions. The Chalk Mountain rhyolite has 
higher Rb/Sr and Nb than the Sawatch Range porphyry prospects and lower Sr/Y (Figs. 4,5). The REE 
pattern for Chalk Mountain rhyolite is “seagull” shaped with a negative Eu anomaly and is comparable to 
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Mount Antero leucogranites (Mills and Coleman, 2013). The porphyry Mo prospects at Middle Mountain 
and Turquoise Lake have steeper REE patterns and small negative Eu anomalies. The Middle Mountain 
porphyry has a distinct HREE pattern with a Ho minimum.
The Chalk Mountain rhyolite, Middle mountain porphyry, and nearby silicic megacrystic dike 
yield a small range of initial 87Sr/86Sr values (0.7079 to 0.7089). The Turquoise Lake porphyry yields a 
much higher initial 87Sr/86Sr value (0.728). Neodymium isotopic compositions for the Sawatch Range 







































































Figure 6. Rare earth element plots with abundances normalized to chondrite values of McDonough and Sun (1995). 
Upper left panel: Breckenridge-Alma-Leadville intermediate intrusions (thin blue lines) have moderately steep 
REE patterns and slight concave-up HREE “scoops”, whereas the rhyolite samples (thick dashed line) have much 
flatter patterns and moderate negative Eu anomalies. Upper right: aplite from the Montezuma district has a distinct 
concave-up scoop consistent with separation from titanite-bearing magma. All other Montezuma samples moder-
ately steep patterns and subtle negative Eu anomalies. Lower left: Comparison of data from the Chalk Mountain 
rhyolite, porphyry Mo prospects at Middle Mountain and Turquoise Lake, and Mount Antero leucogranites (Mills 
and Coleman, 2013). The Middle Mountain porphyry has a distinct minimum at Ho, and likely reflects interaction 
with F-rich fluids. The Chalk Mountain rhyolite has similar REE pattern to the Antero leucogranites. Lower right: 
Samples from the Never Summer igneous complex. Silicic dikes have similar LREE to the Mount Cumulus granite, 
but less dramatic Eu anomalies and slightly lower HREE.
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of -10.5 (Fig. 7). All four samples contain relatively unradiogenic Pb in comparison to other rocks in this 
study (206Pb/204Pb: 17.54 to 17.91; 208Pb/204Pb: 38.29 to 38.46; Fig 8). The granodiorite xenolith from the 
Chalk Mountain rhyolite has initial 87Sr/86Sr and 206Pb/204Pb comparable to intermediate intrusions from 
the Leadville mining district, although its εNd value is lower (-11.1).
Never Summer silicic intrusions
Silicic dikes sampled in the northern and westernmost Never Summer igneous complex yield 
SiO2 concentrations of approximately 72 wt.% and occupy a compositional gap between the most silicic 
portions of the Mount Richthofen pluton (< 67 wt.% SiO2; Jacob et al., 2015) and the Mount Cumulus 
granite (~ 77 wt.% SiO2). The silicic dikes of the Never Summer complex yield Rb/Sr ratios of approx-
imately 1 and have low Sr/Y (3 to 8). They have higher REE abundances than the most silicic portion 
of the Mount Richthofen granodiorite (Fig. 6). The Mount Cumulus granites analyzed in this study have 
Sr/Y and (La/Yb)N ratios comparable to the Never Summer silicic dikes, however the granites have higher 
Rb/Sr and much deeper negative Eu anomalies, and high Y and Nb (Figs. 4,5).
Initial 87Sr/86Sr for the five Never Summer silicic rocks we analyzed yield a large range of values 
(0.7108 to 0.7192) with the highest corresponding to the silicic dike in the Teller mining district. Neo-
dymium isotopic compositions vary from -3.51 to -5.4. The highest εNd values are associated with silicic 
dikes collected in the northern part of the complex, just north of the Mount Richthofen granodiorite con-
tact (Figs 2, 8). Strontium and Nd isotopic compositions form a somewhat linear array (Figs 8b,d). Lead 
isotopic compositions are comparable to the most radiogenic samples from the CMB, with 206Pb/204Pb 
between 18.24 and 18.71 and 208Pb/204Pb between 38.44 and 38.87 (Fig. 7).
DISCUSSION
New whole-rock major, trace and radiogenic isotopic data in conjunction with robust geochro-
nological data allow us to build a picture of magmatism during the transition from subduction through 
early rifting in northern Colorado. In the following sections, we first compare our data to previous studies 
and interpretations. Next, we utilize a growing body of geochronological data from northern Colorado 
to better investigate the temporal aspects of isotopic variability. Finally, we evaluate genetic models that 




















































































































Figure 7. Lead isotopic variation diagrams for samples 
from this study as well as other Cretaceous and young-
er calc-alkaline rocks from northern Colorado. Sym-
bols are as in Figure 3. (a,b) 206Pb/204Pb and 208Pb/204Pb 
variation in comparison to SiO2. The rift-related 
leucogranites, including the Chalk Mountain rhyolite 
as well as slightly older Sawatch Range porphyries, all 
have distinctly lower 206Pb/204Pb than similarly silicic 
rocks from Alma, Montezuma, and the Never Summer 
areas. (c,d) 206Pb/204Pb-207Pb/204Pb and 206Pb/204Pb-
208Pb/204Pb plots showing northern Colorado igneous 
rocks relative to growth curve after Stacey and Kram-
ers (1975; SK, solid gray line), one of the proposed 
curves for the subcontinental lithospheric mantle beneath much of the western United States (SCLM, dashed line; 
Pettke et al., 2010), and the northern hemisphere reference line (NHRL; Hart, 1984). Gray numbers and boxes along 
growth curves correspond to age, in Ga. Red dashed circle highlights the Mount Antero leucogranites for compari-
son (Mills, 2012). Most of the data fall between the two model curves. Note that two samples from the Alma district 








































































Figure 8. Strontium and Nd isotopic variation diagrams. Symbols are as in Figure 3. (a,c) SiO2 versus 
87Sr/86Sr 
diagrams. The two Alma rhyolites as well as the Turquoise Lake porphyry have unusually radiogenic Sr. Most of the 
intermediate samples from Twin Lakes through Breckenridge have 87Sr/86Sr < 0.708 and samples from the Montezu-
ma complex have slightly more radiogenic Sr. Horizontal dashed line in panel a shows limit of ordinate axes for the 
same plot in panel c. (b,d) 87Sr/86Sr-εNd diagrams. Vertical dashed line marks area depicted in panel e. Basaltic clasts 
from the 66 Ma Windy Gap formation are highlighted and have lower 87Sr/86Sr and slightly maximum εNd compara-
ble to high La/Yb mafic lower crust xenoliths from the State Line district (Farmer et al., 2005; gray square). Sam-
ples from the Grizzly Peak caldera are also highlighted and likely represent melts derived from felsic crust (Frazer, 
2017). Most of the CMB data falls can be explained by derivation from mafic lower crust ± felsic crust ± lithospher-
ic mantle (~ Windy Gap basalt). (f) Same as panel e, but with simple two-component model representing partial 
melts derived from juvenile and ancient mafic lower crust. Strontium and Nd concentrations are assumed to be equal 
in the different partial melts. This schematic model is simply used to demonstrate up Mo porphyries may contain up 
to 30% juvenile lower crust. It is not intended to describe all of the data in the figure. Symbols as in Figure 7.
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Pre-ignimbrite intrusions, 66 – 38.8 Ma
A recent study of 66 Ma basaltic clasts (Ar-Ar age) that are interpreted to be eroded material from 
the CMB (Bailley, 2010) suggests the lithospheric mantle in the region is metasomatized and has rela-
tively low εNd (-5) and moderately high 87Sr/86Sr (~0.705; Bailley, 2010). Mantle-derived melts therefore 
could make up a large component of the 66 to 38.8 Ma intrusions analyzed in this study, which have εNd 
between -5.98 and -11.14, and overlap Nd data from the 66 to 40 Ma Twin Lakes pluton (-5.4 to -10.1; 
Farmer and DePaolo, 1984; Stein and Crock, 1990; Frazer, 2017). However, these values also overlap 
measured Nd isotopic compositions of the mafic lower crustal xenoliths from northern Colorado (εNd be-
tween -4 and -11, “high La/Yb” samples from Farmer et al., 2005), and the majority of the 66 to 38.8 Ma 
intrusions we analyzed fall within the range of εNd-87Sr/86Sr values determined for the xenoliths (Fig. 8d). 
Furthermore, zircon U/Pb geochronological data indicates this suite of intrusions in the CMB entrained 
numerous zircon with 207Pb/206Pb ages approximately between 1.4 to 1.7 Ga (Feldman, 2010; Chapter 4). 
Zircon extracted from mafic lower crustal xenoliths in northern Colorado yield 207Pb/206Pb age populations 
of ~ 1.4 and 1.6 to 1.7Ga (Farmer et al., 2005), in good agreement with xenocrysts observed in the early 
CMB intrusions. These data strongly suggest that most of the 66 to 38.8 Ma intrusions in the CMB are 
extracted from mafic lower crust, and they cannot be solely juvenile crust. 
Stein and Crock (1990) observed that Nd isotopic compositions in the CMB have a narrow range, 
at least relative to major spatial variations in Pb isotopic compositions, and that REE patterns for these 
intrusions are moderately steep with slightly HREE “scoops”. New Nd isotopic measurements and trace 
element data from Breckenridge, Alma, and Leadville corroborate these conclusions; there is little notable 
correlation between initial εNd compositions and magma composition (e.g., SiO2; Fig. 8e), and the REE 
patterns match what has been previously reported for intermediate intrusions in the area (Fig. 6; Simmons 
and Hedge, 1978; Farmer and DePaolo, 1984; Stein and Crock, 1990). The Alma rhyolites have flatter 
REE patterns with small negative Eu anomalies, but this might be due to fractionation of plagioclase and 
a phase that favors LREE (i.e., allanite or monazite). Our new data broadly follow spatial variations in Pb 
isotopic compositions described by Stein (1985); samples from the northeast (~ Montezuma) have more 
radiogenic Pb, and samples to the southwest are less radiogenic. There is some spatial overlap in splitting 
113
up Pb patterns this way – the Alma rhyolites have similar Pb isotopic compositions Montezuma (Fig. 7), 
which might indicate they are derived from a common source. This source might also have higher Rb/Sr, 
as is evident from the elevated initial 87Sr/86Sr in the Alma rhyolites and Montezuma district intrusions.
Intrusions during the “flare-up” and early Rio Grande rifting, 38 – 25 Ma
Magmas that intruded the CMB and northern Rio Grande rift between approximately 38 and 25 
Ma have covariations of Y, Nb, U and radiogenic isotopes relative to wt.% SiO2 that reveal intriguing 
patterns (Figs. 4 – 8). Over a comparable range of SiO2, the Sawatch Range porphyries have lower Y, 
Nb, and U than the Chalk Mountain rhyolite and silicic intrusions from the Never Summer complex (Fig. 
4). Initial Pb isotopic compositions of silicic rocks from the Never Summer overlap those from the older 
Montezuma pluton and Alma rhyolite dikes, whereas the Sawatch Range silicic porphyries and Chalk 
Mountain rhyolite have unradiogenic Pb. This observation seems to indicate the silicic Never Summer 
magmas are extracted from a source comparable to the “northern CMB” Pb trend after Stein (1985). 
Initial 87Sr/86Sr ratios generally increase with increasing SiO2 for all of the samples in the CMB, however 
a few samples reach Sr isotopic compositions as evolved as the Never Summer silicic rocks (> 0.710; Fig. 
8). Neodymium compositions in the Never Summer silicic rocks are distinctly more radiogenic than any 
CMB sample, including those associated with Mo deposits.
The divergence of Y, Nb, and U concentrations over a similar range of SiO2 in the young granitic 
suite could be the result of processes acting in the source or fluid exsolution in the shallow crust. Yttri-
um and HREEs can be fractionated by F-rich aqueous fluids (Bau and Dulski, 1995), however the only 
sample with an unusual HREE pattern is the Middle Mountain porphyry (Fig. 6). The discrepancy of Y 
abundances still holds for the Turquoise Lake porphyry, Chalk Mountain rhyolite, and Mount Cumulus 
granite – all of which are associated with high-F mineralization (Craig, 1980; Audétat, 2015; Chapter 3). 
Niobium and U are incompatible elements during fluid exsolution in shallow granitic systems, and there-
fore largely unaffected by fluid exsolution (Mercer et al., 2015). Thus, the trace element variations appear 
to reflect variability in the magma source.
The F-rich granites of northern Colorado were posited to be derived by anatexis of felsic to inter-
mediate crust (Farmer and DePaolo, 1984; Stein and Crock, 1990). However, Frazer (2017) determined 
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silicic igneous rocks of the 34 Ma Grizzly Peak caldera in the CMB have εNd between -13 and -15 and 
suggested they are better candidates for primary melts derived from anatexis of felsic lower crust. Felsic 
xenoliths (granitoids and metasedimentary rocks) from the Four Corners area range from -9.5 to -19.5 
with an average of about -15, in good agreement with observations from the Grizzly Peak system (Condie 
et al., 1999; recalculated to 30 Ma, and excludes one outlier [SR-5 εNd = -5.6]). Unlike the Sawatch 
Range porphyries and Chalk Mountain rhyolite, the Grizzly Peak system is not directly associated with 
any Mo porphyries. As such, either the Grizzly Peak caldera system extracted its melt from a different 
type of felsic crust as the CMB magmas, or the Mo mineralized intrusions in the CMB are not sourced 
from felsic crust (Frazer, 2017).
Pettke et al. (2010) argued melts derived from the SCLM (dashed curves; Fig. 7c, d) are a key 
component in driving magma systems towards Mo (and Cu) porphyry mineralization. This model could 
explain the unradiogenic Pb observed in the Mo porphyries, however, at least some component of ancient 
crust must have been involved to explain the presences of 1.1 to 1.7 Ga xenocrystic zircon in the Sawatch 
Range porphyries (Chapter 4). This model is intriguing because estimates of the source volume of man-
tle-derived melts during the ignimbrite flare-up in Colorado suggest melts originated from the SCLM 
(Farmer et al., 2008). Consequently, the location of the Sawatch Range porphyry Mo prospects and Chalk 
Mountain rhyolite near the SCLM curves on 208Pb/204Pb-206Pb/204Pb and 207Pb/204Pb-206Pb/204Pb plots might 
not be entirely a spatial relationship – it could reflect local changes in time driven by an influx of litho-
spheric mantle-derived melts that reworked the deep crust.
Temporal variability in source rocks
Colorado mineral belt
New whole-rock analyses in conjunction with a better understanding of the temporal history of 
magmatism in the CMB allow us to re-evaluate local variations in magma sources through time (Fig. 9). 
The Never Summer complex has been removed from this analysis because we are interested in how an 
influx of mantle-derived basalt might modify magma sources before and after the ignimbrite “flare-up”, 
and there are no calderas in the Never Summer – just a small volcanic field (~ 31 km3; Knox, 2005). The 


























































Figure 9. Plots showing radiogenic isotopic composi-
tion versus time for Cretaceous and younger magmas 
for calc-alkaline samples from the Colorado mineral 
belt. Dashed vertical line marks the eruption of the 
Wall Mountain tuff at 37.3 Ma (Zimmerer and McIn-
tosh, 2012) and is inferred to represent early stages of 
the rollback of the Farallon plate. Dotted field high-
lights data from the Mount Princeton-Mount Antero 
system in the Sawatch Range (MP-MA; Mills, 2012). 
(a) 208Pb/204Pb plot shows the 39.7 Ma Alma dikes are 
distinctly more radiogenic than the Chalk Mountain 
rhyolite, which is only located only ~ 5 km away. The 
Montezuma samples are distinctly more radiogenic 
than the 45 Ma quartz monzonites in Breckenridge (< 10 km away). (b) The 206Pb/204Pb through time plot has a 
similar shift to less uranogenic Pb after 37.3 Ma, similar to the observations pointed out in the 208Pb/204Pb plot. (c) 
Samples with 87Sr/86Sr > 0.715 have been excluded from this plot but their ages are marked with vertical arrows 
(TQ = Turquoise Lake porphyry). Strontium isotopic compositions are mostly below 0.708 before 40 Ma, and climb 
during assembly of the Montezuma complex. The two porphyries that intrude the Twin Lakes pluton (pink circles) 
have higher 87Sr/86Sr than their host rock. (d) Neodymium isotopic compositions generally become less radiogenic 
through time in the CMB. These data do not support increasing involvement of mantle-derived melts through time, 
unless the lithospheric mantle has unusually unradiogenic Nd (< - 10).
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Quartz monzonites from Breckenridge (45 Ma; Simmons and Hedge, 1978) have less radiogenic 
Pb and Sr than 38.8 Ma Montezuma quartz monzonites, but intrusions in the two districts are separated by 
< 10 km. The similar Pb and Nd isotopic compositions of the Montezuma samples and Alma rhyolites in-
dicate they may be derived from a common source that only started melting after approximately 40 Ma in 
the central CMB. Another possibility is that the isotopic shifts reflect variability in relative contributions 
of end-members with constant isotopic compositions. The Alma rhyolite and Montezuma intrusions have 
Pb isotopic compositions that overlap the Never Summer silicic magmas and northern CMB intrusions, 
and that seems to suggest a source control more so than fortuitous mixing over a large area. That these 
source rocks melted late in the central CMB is intriguing because this time period immediately precedes 
the eruption of the Wall Mountain tuff (37.3 Ma; Zimmerer and McIntosh, 2012) and corresponds to 
Pb-Zn-Ag mineralization in Montezuma and minor Au-Ag ± Zn ± Pb mineralization in the Alma district 
(Chapter 4; Bookstrom, 1989).
There is also a noticeable secular change in the isotopic composition of CMB magmas right after 
the onset voluminous silicic ignimbrite eruptions. This change is not entirely be due to lateral heterogene-
ities in source rocks, because the 39.7 Ma Alma rhyolite dikes are located 5 km from the 26.3 Ma Chalk 
Mountain rhyolite and the two units are isotopically distinct. Neodymium and Pb become less radiogenic 
between eruption of the 39.7 Ma Alma rhyolites and the younger Chalk Mountain rhyolite (Fig. 9). The 
43.5 Ma Leadville granodiorite sample (NC16-02) was also collected nearby and has distinctly higher 
206Pb/204Pb and εNd than the Chalk Mountain rhyolite. Molybdenum mineralizing intrusions from the Cli-
max mine are 33 – 26 Ma (Bookstrom, 1989) and have similar Pb and Sr isotopic compositions as Chalk 
Mountain. Thus, the source of silicic magmas shifted significantly between the generation of the Alma 
rhyolites at 39.7 Ma and start of mineralization at Climax at ~ 33 Ma. 
Although not analyzed in this study, the 36.0 to 35.5 Ma Mount Princeton quartz monzonites 
have distinctly more radiogenic Pb than the and 30 Ma fluorite- and molybdenite-bearing Mount Antero 
leucogranites (Stein and Crock, 1990). A recent study by Mills et al. (2018) revealed that Ca isotopes in 
this system become less radiogenic in the younger leucogranites, suggesting that the leucogranites may be 
derived from juvenile lower crust with low K/Ca. Input from ancient felsic crust is not required to explain 
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the unevolved Ca isotope data for the Mount Antero leucogranites, however the Nd isotopes are less ra-
diogenic for the young leucogranites (Fig. 9). These data are somewhat conflicting, because lower εNd is 
typically interpreted as a greater crustal component in a melt. More Ca isotopic data for well-dated CMB 
igneous rocks are required to better evaluate this seemingly unusual relationship.
We suggest that temporal changes in isotope composition in CMB magmas correlate to an evolv-
ing tectono-magmatic framework and variations in the style of mineralization within the belt. Between 45 
and 38 Ma, subduction of the Farallon slab waned, rocks with slightly more radiogenic Pb and Sr began 
to melt, and small stockwork and carbonate-replacement Pb-Zn-Ag mineral deposits formed throughout 
the central CMB. After 38 Ma, the Farallon slab decoupled from the overriding plate and large volume 
calc-alkaline magma systems were developed (Farmer et al., 2008). Molybdenum porphyries sourced 
from reservoirs with less radiogenic Pb and Nd than their precursors formed during this period. These 
data suggest the “ignimbrite flare-up” is bracketed by metallogenic and isotopic excursions related to 
melting different source rocks.
Never Summer igneous complex
Unlike the F-rich magma systems in the central CMB, the Never Summer complex has no evi-
dence for voluminous pre-rifting magmatism. However, considering the Never Summer in further detail 
is beneficial because it is the largest exposed rift-related intrusive system with F-rich granites in northern 
Colorado and has been extensively inspected with chemical and geochronological analyses (Fig. 10). 
Silicic intrusions were generated early in the lifespan of the system (~ 29.2 Ma dikes) and late (28.17 Ma 
Mount Cumulus granite; Chapter 4). The composite Mount Richthofen granodiorite (~ 28.98 to 28.7 Ma; 
Jacob et al., 2015) was assembled in between these pulses of silicic magmatism (gray triangles; Fig. 10). 
Neodymium is more radiogenic in silicic dikes from the northern part of the complex and lower 
in Mount Cumulus and the Teller district dike (Fig. 10). This pattern is not entirely due to spatial variabil-
ity, because εNd is also highest in the oldest (southernmost) portion of the Mount Richthofen. A plausible 
interpretation for more radiogenic Nd early in both the silicic and intermediate magmas is that the early 
part of the system was dominated by juvenile mantle-derived material, and continued heating of the deep 
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Figure 10. Plots showing radiogenic isotopic composition versus time for the Never Summer complex intrusive 
rocks. To evaluate the isotopic evolution through time of the Never Summer complex, we assumed undated samples 
had equivalent ages to the nearest U/Pb zircon sample (Jacob et al., 2015; Chapter 4). One exception is the silicic 
dike from the Teller mining district (NS17-03), which has whole-rock major and trace element chemistry compa-
rable to 29.2 Ma silicic dikes from the north part of the complex. For this analysis, the Teller district dike is plotted 
at 29.2 Ma, but it could be closer in age to the ~ 28.1 Ma Mount Cumulus granite located to the east. (a) 208Pb/204Pb 
is higher in the silicic intrusions and shows little temporal variation in the Mount Richthofen granodiorite. (b) 
206Pb/204Pb in the Mount Richthofen granodiorite decreases in the youngest part of the pluton. The silicic intrusions 
have similar composiitons. (c) 87Sr/86Sr are higher in the silicic intrusions and have no obvious variations in the 
Mount Richthofen granodiorite. (d) εNd is highest in the early, southernmost part of the Mount Richthofen granodi-
orite. The silicic dikes from the north part of the complex have more radiogenic Nd compositions than the Mount 
Cumulus granite and Teller district dike.
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within the Mount Richthofen granodiorite corresponds to a decrease in 206Pb/204Pb values, but it does not 
correlate with the patterns from the Nd isotopic data. Thus, the Never Summer complex spans a large 
range of SiO2 and has Sr, Pb, and Nd isotopic compositions that are comparable in range to those in the 
central CMB as a whole; however, unlike the CMB, the variability occurs over only a ~ 1 Ma time period 
and does not follow any regular patterns. These observations suggest the Never Summer complex was too 
short-lived to have experienced major crustal restructuring that would act to narrow the range of isotopic 
compositions through hybridization. Furthermore, it implies the crust in the CMB may have been exten-
sively hybridized, especially before Oligocene rifting. 
The curious case of Colorado’s crust: Are we any closer to a known source for F-rich porphyries?
Models explaining the origin of F-rich porphyries in northern Colorado need to integrate the fol-
lowing key observations: 1) Nd and Pb isotopic compositions of magmas become less radiogenic through 
time in the vicinity of Climax/Alma and Mount Princeton/Mount Antero (Fig. 9); 2) the Never Summer 
silicic intrusions have more radiogenic Nd, Sr, and Pb isotopic compositions than CMB F-rich intrusions 
(Figs. 7,8); 3) the F-rich porphyries have relatively flat REE patterns, consistent with melts generated in 
an environment where garnet is not a stable phase (Fig. 6); 4) F/Cl ratios are controlled by the source, 
with mantle-derived melts having lower F/Cl than garnet-absent mafic lower crust (Chapter 3); further-
more, melting driven by the breakdown of F-rich amphibole and biotite occurs at higher temperature than 
their F-poor counterpart (Chapter 3); and 5) all of the F-rich porphyries formed after 37.3 Ma (Chapter 
4), and most intruded during early Rio Grande rift extension after 30 Ma; however, the Never Summer 
complex lacks any pre-30 Ma magmatic activity.
On the basis of radiogenic Ca isotopic data, melting of ancient felsic crust is not permitted for 
generating the fluorite-bearing Mount Antero leucogranites (Mills et al., 2018). Isotopic data and trace 
element modelling suggest that the F-rich Never Summer silicic magmas were derived from mafic lower 
crust, and perhaps the Antero leucogranites are from a similar source (Jacob et al., 2015; Chapter 3). 
Moreover, the Alma rhyolites and Montezuma pluton, that are associated with Pb-Zn-Ag mineralization 
with no evidence that F was an important volatile phase, have more radiogenic Pb and Sr than other CMB 
intrusions, and may be more representative of anatexis of intermediate to felsic crust. Thus, we conclude 
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anatexis of felsic to intermediate crust is not a requirement for generating the F-rich granites and rhyolites 
in northern Colorado.
The gradual decrease in εNd for CMB rocks through time is the strongest evidence against an en-
tirely mantle origin for the younger F-rich silicic porphyries. Both caldera-forming eruptions and younger 
rift-related magmatism are associated with an influx of mantle-derived melts into the crust (Johnson et al., 
1990; Lipman, 2007), yet there is no detectable shift towards more radiogenic Nd compositions after the 
onset of either of these tectonic-magmatic events (Fig. 9). The secular change in Pb isotopic composition 
through time could represent melting an ancient low U/Pb crustal source that was previously resistant 
to melting during early intermediate magmatism, and/or melting of juvenile mafic lower crust derived 
from metasomatized SCLM. Lead isotopic compositions are probably controlled by the ancient crust 
because primary basalts have low Pb concentrations (< 13 ppm Pb; Bailley, 2010; Johnson et al., 1990). 
Consequently, it is difficult to definitively say what exactly the secular shift in Pb isotopes represents. It 
is apparent from the temporal trends of isotope systems, however, that melting in the lower crust changed 
during the onset of the voluminous ignimbrite eruptions. This observation is in good agreement with 
models that suggest hybridization of deep ancient crust by mantle-derived melts is an important step in 
generating F-rich rhyolites and granites (Christiansen et al., 2007; Rosera et al., 2013; Dailey et al., 2018).
The above discussion limits the possibilities for explaining the source of F-rich porphyries to 
mainly mafic crust ± mantle-derived melts. Melting of mafic crust with F-rich amphibole ± biotite ± 
apatite (~ amphibolite-grade metabasalt) are consistent with the required halogen distribution and isoto-
pic compositions (εNd approximately -11.5 and 87Sr/86Sr > 0.707), and their partial melts would create 
metaluminous to weakly peraluminous magmas (Sisson et al., 2005; Chapter 3). A simple two-component 
mixing scenario was constructed to test how much juvenile mantle-derive material might be involved. The 
follow assumptions were made: 1) partial melts of juvenile and ancient mafic crust result in equivalent Nd 
and Sr concentrations, 2) Nd and Sr isotopic compositions of juvenile material reflect the least contami-
nated basalts from Windy Gap (εNd = -5, 87Sr/86Sr = 0.705; Bailley, 2010), and 3) ancient mafic crust had 
the lowest observed Nd and highest Sr compositions from mafic xenoliths in Colorado (εNd30Ma = -11.7, 
87Sr/86Sr30Ma = 0.709; Farmer et al.,. 2005). The resulting model (Fig. 8f) indicates highly silicic, F-rich 
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rocks such as the Chalk Mountain rhyolite may contain up to 30% juvenile mafic lower crust. Variations 
away from this simple model are probably due to differences in Nd and Sr concentrations of partial melts 
derived from each end-member, and also variations in the isotopic composition of the ancient mafic crust. 
Less “evolved” ancient crust requires less juvenile crust to explain the isotopic measurements shown in 
Figure 8. These data support an origin of Mo porphyries from a hybridized zone of ancient F-rich mafic 
crust and a minor juvenile mafic lower crust component.
Comparison of the Never Summer complex to CMB: implications for mineralization
Rift-related F-rich leucogranites and rhyolites are typically considered good targets for porphy-
ry Mo and associated resources (Carten et al., 1993; Ludington and Plumlee, 2009). The Never Sum-
mer complex has been prospected for Mo, and rock-chip surveys identified elevated Mo concentrations 
(Pearson et al., 1981), yet nothing substantial has been found, and nearby mining districts (i.e., Teller) 
contain only sparse mineralization. The CMB, however, has world-class Mo systems and multiple large, 
but ultimately uneconomic, prospects. This begs the question, why are there no major deposits associated 
with the Never Summer granites? 
In a study of the pre-mineralization magma conditions of the Henderson Mo mine in the CMB, 
Mercer et al. (2015) suggested small volumes of mafic magma were essential for supplying S to upper 
crustal accumulations of F-rich silicic magmas. This implies timing the arrival of small batches of maf-
ic magma into F-rich melts derived from crustal anatexis may be important for genesis of porphyry Mo 
systems. Mantle-derived melts were involved in assembly of intermediate magmas in the Never Sum-
mer (Knox, 2005; Jacob et al., 2015), however they intruded ~ 500 – 700 ka before generation of F-rich 
Mount Cumulus. The higher solidus temperature required for melting of F-rich rocks may result in a lag 
between the onset of mafic magmatism and generation of F-rich low-degree partial melts (Chapter 3). In 
other words, Mo mineralization might be optimized only when F-rich silicic magmas accumulate early, 
and injection of mafic melts can supply S into a shallow magma body. Pre-heating the ancient crust, there-
fore, can help close the temporal gap between generating F-rich melts and when S-rich mafic melts reach 
the shallow crust. We suggest a rapid influx of mantle-derived melts (± volatiles) into the lower crust may 
be an important pre-condition to increase the probability of generating a Mo deposit. The shifts in isotopic 
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compositions immediately after the onset of caldera-forming eruptions in the central CMB, in conjunction 
with the spatio-temporal relationship between the Questa Mo deposit and caldera (Rosera et al., 2013) 
support this hypothesis. The Never Summer complex lacks evidence for re-working, or hybridization, 
of the lower crust immediately before its assembly. Thus, the availability of F-rich deep crust, perhaps 
related to high-temperature metamorphism (Chapter 3), and efficient pre-conditioning and crustal hybrid-
ization should be considered important aspect in genetic models for Mo porphyry genesis.
CONCLUSIONS
This study adds to a growing body of literature regarding the evolution of the lithosphere in the 
southern Rocky Mountains. New whole-rock major, trace, and radiogenic isotopic data fill in previous 
gaps in our knowledge and also corroborate prior conclusions of Cretaceous and younger magmatism in 
northern Colorado. Lead-Zn-Ag magmatic-hydrothermal mineralization associated with the Leadville, 
Alma, Breckenridge, and Montezuma mining districts is related to an older (> 38 Ma) composite suite of 
dominantly intermediate intrusions. After 38 Ma, the style of mineralization changed to include F-rich 
silicic porphyries associated with Mo prospects. This shift corresponds to a change in isotopic composi-
tions that is consistent with melting some combination of ancient metasomatized crust and juvenile man-
tle-derived melts (up to approximately 30% juvenile mafic lower crust). The unmineralized Never Sum-
mer igneous complex hosts F-rich granites that have comparable compositions to Mo porphyries in the 
CMB, however the complex did not experience the same deep crustal re-working in the late Eocene-early 
Oligocene that occurred in the CMB. It is concluded that the ignimbrite flare-up that started in the central 
CMB helped pre-heat the deep crust, thereby increasing the likelihood that new batches of mantle-derived 
melts could interact with F-rich melts whose protoliths have a higher solidus than F-poor crust. Without 
pre-heating, the F-rich protoliths melt too late to form a Mo deposit, which is after the initial pulse of 
mafic intrusions had ascended into the upper crust. 
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TABLE 1. SUMMARY OF SAMPLES FROM COLORADO MINERAL BELT AND NEVER SUMMER COMPLEX 
Sample Name Latitudea Longitudea 
Age 
(Ma) Age reference 
Breckenridge, Alma, and Leadville districts 
LV17-17  Megacrystic quartz monzonite porphyry, N of Leadville 39.3364 -106.2203 66 
Wallace, 1995 (references 
therein) 
KL17-13  Latite dike near Kite Lake 39.3271 -106.1377 62 Bookstrom, 1989 
KL18-04 Granodiorite dike near Emma Lake 39.3314 -106.1374 62 Bookstrom, 1989 
SM17-11  Granodiorite porphyry, Swan Mountain complex 39.5871 -106.0440 45 
Simmons and Hedge, 
1978 
SM17-12  Granodiorite porphyry, Swan Mountain complex 39.5138 -105.9466 45 
Simmons and Hedge, 
1978 
CMR16-01x Fine-grained granodiorite porphyry xenolith (Chalk Mountain rhyolite) 39.3649 -106.2128 43.5 estimated 
NC16-02  Fine-grained granodiorite porphyry, S of Climax 39.3508 -106.2187 43.5 Chapter 4 
KL17-14  Rhyolite porphyry near Emma Lake 39.3306 -106.1388 39.7 Chapter 4 
KL18-03 Rhyolite porphyry near Emma Lake 39.3292 -106.1385 39.7 Chapter 4 
Montezuma district 
MZ17-06  Quartz monzonite porphyry, western Montezuma pluton 39.6057 -105.9163 38.7 estimated 
MZ17-10  Quartz monzonite porphyry, western Montezuma pluton 39.6060 -105.9191 38.7 Chapter 4 
MZ17-07  Megacrystic quartz monzonite porphyry, Montezuma pluton 39.5987 -105.8280 38.7 Chapter 4 
WP17-08  Rhyolite-rhyodacite porphyry, Webster Pass 39.5296 -105.8371 38.7 Chapter 4 
MZ18-05 aplite in Montezuma pluton 39.6018 -105.8482 38.7 estimated 
MZ18-06 Trachyandesite dike 39.6018 -105.8563 38.7 estimated 
Chalk Mountain and Sawatch Range porphyries 
MM17-16  Middle Mountain porphyry 38.9702 -106.4379 36.4 Chapter 4 
TQ18-02 Turquoise Lake porphyry 39.2765 -106.4032 35.8 Chapter 4 
TL18-01 Megacrystic granodiorite dike, E of Middle Mountain 38.9841 -106.4162 34 Chapter 4 
CMR16-01  Chalk Mountain topaz rhyolite 39.3649 -106.2128 26.3 Chapter 4 
Never Summer igneous complex 
NS17-01  Rhyolite dike near Lake Agnes 40.4841 -105.9022 28 Chapter 4 
NS17-02  Rhyolite dike near Lake Agnes 40.4842 -105.9047 28 estimated 
NS17-03  Rhyolite dike, Teller mining district 40.4013 -105.9784 28 estimated 
10-KJ-MC-92 Mount Cumulus granite porphyry 40.4060 -105.8929 28 estimated 
NS17-05  Mount Cumulus granite porphyry 40.4018 -105.9116 28 Chapter 4 
a Sample locations are given in decimal degrees (WGS1984) 
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TABLE 2. WHOLE-ROCK MAJOR AND TRACE ELEMENT GEOCHEMISTRY 
Sample LV17-17 KL17-13 KL18-04 SM17-11 SM17-12 CMR16-01x 








Qtz.monz. xenolith, gd 
SiO2a 64.7 65.92 65.74 68.64 66.92 66.76 
Al2O3 14.92 15.43 15.08 15.4 14.84 14.5 
Fe2O3(T) 4.17 5.21 4.94 3.19 3.25 3.79 
MnO 0.087 0.109 0.097 0.123 0.121 0.255 
MgO 1.12 1.47 1.32 1.05 0.56 1.44 
CaO 3.7 4.1 4.07 2.31 3.3 2.71 
Na2O 2.98 3.12 3.11 3.91 3.32 3.11 
K2O 3.33 2.65 2.75 3.42 2.34 3.84 
TiO2 0.455 0.449 0.459 0.354 0.385 0.578 
P2O5 0.26 0.28 0.24 0.22 0.21 0.48 
LOI 4.61 1.04 1.2 1.83 4.66 2.38 
Total 100.3 99.78 99.01 100.4 99.9 99.83 
Scb 6 9 7 5 5 8 
Be 2 2 1 2 2 19 
V 59 65 59 40 42 62 
Ba 2146 1181 1234 1254 500 1244 
Sr 688 799 742 939 768 441 
Y 16 18 15 19 14 33 
Zr 159 127 151 186 179 248 
Crc BDL BDL BDL BDL BDL 30 
Co 6 8 7 4 5 8 
Ni BDL BDL BDL BDL BDL BDL 
Cu BDL 20 BDL BDL BDL BDL 
Zn 70 70 100 80 100 170 
Ga 20 19 19 22 21 25 
Ge 1 1 1 1 BDL 2 
As BDL BDL BDL BDL 6 BDL 
Rb 95 120 72 113 82 362 
Nb 13 8 8 18 17 30 
Mo BDL BDL BDL BDL BDL BDL 
Ag 0.5 BDL 0.5 0.7 0.9 1 
In BDL BDL BDL BDL BDL BDL 
Sn 1 1 1 1 BDL 8 
Sb BDL BDL BDL BDL BDL BDL 
Cs 4.8 3.4 2.7 2.2 4.2 11.6 
La 55.6 25 31.1 72.3 64.8 89 
Ce 103 50.8 62.4 129 115 167 
Pr 11 6.09 7.22 13.3 12.3 18.6 
Nd 40.8 24.5 27.3 46.8 43.3 64.9 
Sm 6.8 4.7 5.2 7.4 7.2 10.2 
Eu 1.72 1.32 1.49 1.82 1.74 1.7 
Gd 4.5 3.6 4.1 4.6 4.5 5.8 
Tb 0.6 0.6 0.6 0.6 0.6 0.8 
Dy 3.2 3.2 3.1 3.6 2.9 4.6 
Ho 0.6 0.6 0.6 0.7 0.5 0.9 
Er 1.6 1.8 1.7 1.9 1.4 2.9 
Tm 0.21 0.26 0.24 0.3 0.19 0.45 
Yb 1.4 1.8 1.5 2.1 1.2 3.1 
Lu 0.22 0.28 0.23 0.32 0.18 0.5 
Hf 4.3 3.8 4 4.9 4.8 6.9 
Ta 0.9 0.5 0.5 1.5 1.5 3.3 
W 6 3 BDL 4 3 8 
Tl 0.8 0.9 0.6 0.8 0.8 2.4 
Pb 30 6 16 44 45 37 
Bi BDL BDL BDL BDL BDL 0.6 
Th 15.1 3.6 4.2 20.9 17.3 25.3 
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TABLE 2 (CONTINUTED) 
Sample NC16-02 KL17-14 KL18-03 MZ17-06 MZ17-10 MZ17-07 










M. qtz. monz 
SiO2a 61.79 75.3 75.42 68.48 71 69.68 
Al2O3 14.63 13.34 12.88 15 13.95 14.27 
Fe2O3(T) 2.79 0.75 0.8 3.57 2.65 3.76 
MnO 0.089 0.038 0.119 0.08 0.062 0.067 
MgO 0.91 0.13 0.15 1.08 0.74 1.07 
CaO 5.7 0.73 0.85 2.87 2.23 2.31 
Na2O 2.36 2.45 2.18 3.34 3.12 3.05 
K2O 3.15 5.05 5.01 4.28 4.6 4.26 
TiO2 0.331 0.076 0.069 0.534 0.374 0.547 
P2O5 0.16 BDL 0.04 0.22 0.15 0.24 
LOI 6.69 1.8 1.91 0.67 0.53 1.41 
Total 98.58 99.65 99.41 100.1 99.4 100.7 
Scb 4 3 4 7 6 8 
Be 2 3 2 2 2 3 
V 32 BDL BDL 59 39 60 
Ba 1398 427 122 844 593 880 
Sr 686 104 32 549 414 521 
Y 12 16 27 23 16 31 
Zr 163 48 53 168 103 171 
Crc BDL BDL BDL BDL BDL BDL 
Co 3 BDL BDL 7 4 7 
Ni BDL BDL BDL BDL BDL BDL 
Cu BDL BDL BDL BDL BDL 10 
Zn 70 50 70 50 40 200 
Ga 20 18 24 19 17 19 
Ge 1 2 3 1 1 2 
As BDL BDL BDL BDL BDL BDL 
Rb 83 242 307 150 163 138 
Nb 10 18 35 17 15 21 
Mo BDL BDL BDL BDL BDL BDL 
Ag 0.5 BDL BDL 0.8 BDL 0.6 
In BDL BDL BDL BDL BDL BDL 
Sn BDL 1 3 2 1 2 
Sb BDL BDL BDL BDL BDL BDL 
Cs 1.4 3.5 4.1 2.8 2.6 2.2 
La 68.3 14.4 6.4 81 57.1 68.3 
Ce 120 28.2 14.3 138 99 115 
Pr 13 3.27 1.87 14.1 9.75 14.7 
Nd 47.2 13.2 7.4 48 32.8 54.1 
Sm 7.7 3.4 2.8 7.9 5.3 9.4 
Eu 1.78 0.81 0.41 1.66 1.31 2.02 
Gd 4.7 3.5 3.5 5.7 3.9 6.9 
Tb 0.5 0.5 0.6 0.8 0.6 1 
Dy 2.5 3.2 4 4.6 3.1 5.4 
Ho 0.4 0.6 0.8 0.9 0.6 1 
Er 1.1 1.6 2.5 2.4 1.7 2.8 
Tm 0.15 0.23 0.39 0.36 0.26 0.43 
Yb 0.9 1.5 2.7 2.5 1.8 2.8 
Lu 0.15 0.22 0.43 0.4 0.3 0.44 
Hf 4.4 2.3 2.9 4.6 3.3 4.9 
Ta 0.7 2.6 3.5 1.7 1.6 2 
W 1 4 1 5 10 4 
Tl 0.8 2.1 2.8 0.9 1.1 1.2 
Pb 21 24 22 19 19 18 
Bi BDL BDL BDL BDL BDL BDL 
Th 16.4 13.8 19.5 21.1 25.9 26.4 






TABLE 2 (CONTINUED) 
Sample WP17-08 MZ18-05 MZ18-06 MM17-16 TQ18-02 TL18-01 










M. qtz. Monz. 
SiO2a 73.21 76.86 59.15 74.68 77.1 68.84 
Al2O3 15.13 12.74 13.84 13.38 12.68 13.51 
Fe2O3(T) 1 0.95 6.01 0.19 1.16 2.74 
MnO 0.003 0.015 0.118 0.018 0.01 0.053 
MgO 0.4 0.12 3.9 0.07 0.42 0.4 
CaO 0.21 0.2 4.39 1.48 0.07 3.07 
Na2O 0.29 2.02 2.89 0.23 0.13 2.73 
K2O 3.97 5.93 4.12 6 3.79 3.91 
TiO2 0.608 0.165 0.843 0.116 0.533 0.281 
P2O5 0.32 0.04 0.43 0.02 0.13 0.13 
LOI 4.21 1.08 4.4 3.4 3.03 3.4 
Total 99.35 100.1 100.1 99.58 99.05 99.06 
Scb 10 3 13 2 7 3 
Be 1 2 2 2 BDL 2 
V 65 10 110 9 59 21 
Ba 3023 349 820 287 602 855 
Sr 674 121 636 95 359 237 
Y 22 10 20 5 17 11 
Zr 180 75 234 56 166 151 
Crc BDL BDL 230 BDL BDL BDL 
Co BDL 1 17 BDL BDL 3 
Ni BDL BDL 60 BDL BDL BDL 
Cu BDL BDL 20 BDL BDL BDL 
Zn BDL 90 70 40 BDL 60 
Ga 21 15 19 21 26 20 
Ge 1 2 2 2 1 2 
As BDL BDL BDL BDL BDL BDL 
Rb 156 272 152 158 164 146 
Nb 19 18 26 19 17 11 
Mo 3 BDL 6 13 26 BDL 
Ag 0.8 BDL 0.8 BDL 0.9 0.5 
In BDL BDL BDL BDL 0.3 BDL 
Sn 2 1 4 2 13 2 
Sb BDL BDL BDL BDL 1 BDL 
Cs 1.9 4 3.9 0.7 0.7 3.8 
La 87.7 42.3 59.6 16 33.6 38.9 
Ce 151 67.1 115 25.2 66.9 74.5 
Pr 15.2 5.64 13.1 2.6 7.6 8.21 
Nd 50.6 16.6 48.2 8.7 28.1 30.2 
Sm 8 2.5 8.7 1.6 5.1 5.9 
Eu 1.81 0.52 1.97 0.44 0.95 1.42 
Gd 5.3 1.7 5.9 1.4 3.5 4 
Tb 0.7 0.3 0.8 0.2 0.5 0.5 
Dy 4.2 1.6 3.9 0.8 3.1 2.4 
Ho 0.8 0.3 0.8 0.1 0.6 0.4 
Er 2.5 1 2.2 0.4 1.7 1.1 
Tm 0.39 0.17 0.31 0.07 0.25 0.15 
Yb 2.9 1.4 2.2 0.6 1.7 1 
Lu 0.47 0.24 0.33 0.1 0.26 0.15 
Hf 4.9 2.9 6.5 2.3 4.5 4.2 
Ta 2.1 1.8 1.8 2.9 1.6 0.8 
W 22 BDL 2 17 2 BDL 
Tl 2.1 2.6 1.5 0.9 3.8 1 
Pb 116 21 23 12 104 13 
Bi 0.6 BDL BDL BDL 3 BDL 
Th 27.2 40 21.2 18.8 16.2 10.3 






TABLE 2 (CONTINUED) 
Sample CMR16-01 NS17-01 NS17-02 NS17-03 10-KJ-MC-92 NS17-05 





SiO2a 75.13 71.81 71.39 72.93 76.92 76.57 
Al2O3 13.63 14.54 14.49 14.16 12.83 12.59 
Fe2O3(T) 1.41 2.58 2.91 2.52 1.16 1.33 
MnO 0.101 0.022 0.026 0.048 0.013 0.015 
MgO 0.37 0.35 0.33 0.29 0.07 0.07 
CaO 0.89 0.44 0.6 0.24 0.45 0.39 
Na2O 3.7 3.45 3.85 2.66 3.65 3.39 
K2O 4.56 5.15 5.08 5.36 4.43 5.17 
TiO2 0.207 0.3 0.301 0.386 0.086 0.112 
P2O5 0.09 0.08 0.08 0.13 0.02 BDL 
LOI 0.5 1.35 1.25 1.98 0.88 0.69 
Total 100.6 100.1 100.3 100.7 100.5 100.3 
Scb 7 4 4 4 2 1 
Be 14 4 4 3 7 7 
V 16 7 7 18 BDL BDL 
Ba 323 812 738 1050 98 111 
Sr 143 145 175 176 30 38 
Y 24 49 36 21 77 42 
Zr 108 242 250 232 151 135 
Crc BDL BDL BDL BDL BDL BDL 
Co 2 17 2 3 1 BDL 
Ni BDL BDL BDL BDL BDL BDL 
Cu BDL 30 BDL BDL BDL BDL 
Zn 60 70 40 70 BDL 30 
Ga 25 24 24 22 24 23 
Ge 2 2 2 1 2 2 
As BDL 63 12 BDL BDL BDL 
Rb 559 148 152 232 280 270 
Nb 56 42 45 29 73 43 
Mo BDL 3 3 BDL 4 2 
Ag BDL 1 1.1 0.7 0.5 0.5 
In BDL BDL BDL BDL BDL BDL 
Sn 6 2 4 2 7 1 
Sb BDL 1.4 BDL 0.5 BDL BDL 
Cs 17.3 1.6 1.2 4.2 4.5 2.5 
La 47.6 103 67.6 21.5 82.3 48.4 
Ce 95 163 136 73.1 171 97.3 
Pr 9.77 20.6 14.8 5.03 18.8 10.9 
Nd 30.9 74 55.2 17.8 63.1 37.7 
Sm 5.3 12.9 11.3 3.9 13.3 7.8 
Eu 0.62 1.81 1.54 0.45 0.28 0.26 
Gd 3.7 10.8 8.3 3.1 9.7 6.3 
Tb 0.6 1.7 1.3 0.6 1.7 1.2 
Dy 3.7 9.4 7.6 3.8 10.5 7.5 
Ho 0.7 1.8 1.4 0.8 2.2 1.5 
Er 2.3 5.1 4.1 2.3 6.7 4.7 
Tm 0.38 0.71 0.63 0.34 1.05 0.72 
Yb 2.9 4.4 4.2 2.3 7 5.2 
Lu 0.5 0.68 0.64 0.36 1.11 0.81 
Hf 3.9 7.3 7.8 5.8 6.2 5.5 
Ta 11.2 5.6 5.5 2.6 6.6 7.1 
W 9 3 3 BDL 3 5 
Tl 2.7 0.7 0.6 1.3 1.1 0.8 
Pb 33 45 18 15 23 26 
Bi BDL 0.6 BDL BDL BDL BDL 
Th 33.1 23.2 21.9 18.8 38.7 37.9 
U 11.7 4.5 4.9 4.3 6 11.7 
a Oxides in wt.%. Analyzed by ICP-OES 
b all trace elements in ppm. Sc through Zr analyzed by ICP-OES 
C Cr through U analyzed by ICP-MS 
Note: LOI – loss on ignition, BDL – below detection limite gd – granodiorite, M – megacrystic, NS – Never Summer, qtz. 



























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































New spatial, temporal, and chemical data lend insight into relationships between the generation 
of silicic intrusions, ignimbrites, and porphyry-style mineral deposits. Proximity analysis demonstrates 
caldera-forming magma systems are spatially associated with non-random distributions of F, Hg, Pb, Zn, 
Ag, and S deposits as well as mines whose primary product is either Mo or Bi. More than 28% of the 
F-producing mines in the Basin and Range and Rio Grande rift are located within 10 km of a caldera rim 
–more than double what is predicted if they were distributed randomly (11.6%). These data suggest the 
high heat-flow associated with extracting large volumes of silicic melt, usually from the lower crust, may 
also set the stage for F-rich mineralization. Chapter 2 demonstrates that F (and Cl) abundances are largely 
controlled at the source of silicic magma systems, and specifically from hydrous minerals in the lower 
crust. This study documents that continental interiors have lower crustal lithologies with variable F and Cl 
distributions, and the F-rich zones only breakdown during the latest stages of melting (after more fertile, 
F-poor source rocks are exhausted). An intriguing outcome of this study is evidence that F-rich granitic 
rocks may be sourced from high ultrahigh-temperature metabasalts, and it can be hypothesized that simi-
lar rocks extend into the Colorado mineral belt.
High-precision U/Pb zircon geochronology together with whole-rock major, trace, and radiogenic 
isotopic data suggest the start of the “ignimbrite flare-up” in the Southern Rocky Mountains corresponds 
to a major shift in magma sources and metallogenesis. In general, upper crustal intrusions before the flare-
up (~ 37.3 Ma) are confined to the NE-SW trend of the Colorado mineral belt, are predominately granodi-
orite to quartz monzonite, are characterized by radiogenic Pb and unradiogenic Nd compositions, and are 
associated with late Eocene Pb-Zn-Ag stockwork mineralization. Magmas that intruded the upper crust 
after the start of voluminous ignimbrite generation are distinct from the older intrusions: their spatial pat-
tern shifts away from the NE-SW confines of the mineral belt, and instead follows a the more N-S trend 
of major uplifts; their compositions range from quartz monzonite to granite, and they have less radiogenic 
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Nd and Pb than their precursors. These changes in magmatism are accompanied by the onset of F-rich 
porphyry Mo mineralization that characterizes the Colorado mineral belt. The changes in magmatism and 
mineralization in the Colorado mineral belt before and after the ignimbrite flare-up, in conjunction with 
evidence for spatial correlation between certain mineral deposits and caldera rims, strongly suggests the 
same events the generate “high-power” continental magma systems may also generate important mineral 
deposits. 
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APPENDIX 1: SUPPLEMENTARY INFORMATION FOR CHAPTER 2
Correspondence analysis detailed methods
The methodology for correspondence analysis (CA) presented herein is largely derived 
from Greenacre (2017). Active binary grid cells for each deposit type were counted in 2.5 km 
bins based on their distance from the nearest caldera rim. The resulting table forms an i by j ma-
trix, N, where i represents distance bins (e.g., 0, 2.5, 5, …, 300 km; where each value represents 
the lower bound of the bin). Columns, j, represent different deposit types. Therefore, each matrix 
element represents the total cell count from the binary grid for the jth deposit type at the ith dis-
tance bin. The matrix is converted to a correspondence matrix:
where P is the correspondence matrix, and n is the grand total:
The N and P matrices correspond to the hypothetical tables shown in Figure 2a, Steps 1 
and 2, respectively, in the main text.
Correspondence analysis is an eigenvalue technique that operates on a χ2-distance table, 
itself derived from a contingency table as follows:
Row (r) and column (c) masses (totals) are first determined:
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Values in c and r are the marginal probabilities of finding mineral deposit cj or any de-
posit in distance bin ri. The product of these two vectors gives expected values for each element 
in the original matrix, whereas elements of P give observed values. The χ2 statistic can be deter-
mined from these values. For example, the χ2 statistic with respect to rows (distance bins) is:
Correspondence analysis targets the degree of similarity across variable columns by com-
puting a cross product of two χ2 values from variables j and k:
These residual values can be determined across all column pairs, and the results are a 
table of standardized residuals. The resultant matrix is what is decomposed with singular value 
decomposition (SVD) for correspondence analysis. In matrix form, the matrix of standardized 
residuals, S, is calculated as:
Where Dr and Dc are diagonal matrices of row and column masses, respectively. Matrix S 
is then passed through SVD:
After the Eckart-Young theorem, U and V are orthonormal matrices and Dα is a diagonal 
matrix of positive singular values (in decreasing order). We use open-source software R to calcu-
late SVD of S and then determine the principal coordinates of both rows and columns:
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The columns of matrices F and G correspond to the decreasing singular values. Thus, the 
first column in each corresponds to the first singular value which accounts for the most variance 
in the dataset. 
Because the original matrix is scaled to the grand total, n, the relationship of rows and 
columns from Eckart-Young theorem is preserved. Thus, the loadings (or weights) for Fα are pro-
portional to those of Gα; principal coordinates of Fα will plot in weighted locations proportional 
to Gα. This relationship aids in interpreting which deposits exert control on the clustering and/or 
segregation of distance-bin scores (see Main text).
Singular values from Dα are can be converted into principal inertias by squaring the non-
zero elements:
Principal inertias explain the variation within the dataset. For example, the proportion of 
variation explained by the first CA axis (k = 1) is:
Understanding nearest neighbor distributions
The nearest neighbor distributions presented in the main document represent the distance 
of each mineral deposit to the nearest caldera rim. The resulting distances are placed into 2.5 km 
wide bins and plotted as frequencies relative to the upper bound of the bin. However, because we 
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bin the distance data, it should be expected that greater distances will have higher counts because 
they cover a greater spatial area (i.e., larger “donuts”). Inspection of the random point data in 
Figure 3 of the main document reveal that the frequencies actually decrease from 0 km (on the 
caldera rims) to ~ 10 km. We used random point generators from SpatStat, an R package (Badde-
ley et al., 2015), to better understand the shape of the nearest neighbor distributions presented in 
Figure 3.
  In each model presented below, we simulated the mineral deposits as a Poisson point 
process with an intensity of 2.0-8 m-2 (approximately 24,000 points within the study area shown 
in Figure 1). The calderas tend to be clustered, so we generated those with a “Thomas” cluster-
ing model wherein centers are randomly selected as a Poisson process (intensity = 1.7-11 m-2; or 
roughly 20 clusters within the study area). The “seeds” are then distributed around the center 
point to create clusters.  The distance of each seed from the center point is randomly selected 
from a user-provided standard deviation.  We use standard deviation scales of 20 and 40 km 
below. On average, each cluster has 4 seeds (mu value, after Baddeley et al., 2015). Note that our 
aim is not a full evaluation of caldera clustering distances and number of seeded calderas – we 
simply selected what seem to be reasonable values given the caldera compilation from the main 
text. 
Nearest neighbor points to points
First, we model “calderas” as only points; they do not have lines that represent rims as in 
the main text. An example nearest neighbor distribution of simulated mineral deposits to these 
points are presented in Figure S1. We also changed the Thomas clustering scale to 50 km (Fig. 
S1d) to visualize the effect of more dispersed “calderas”. Note that in each model presented in 
Figure 1 the frequency-distance distribution has a positive slope from 2 to ~ 100 km, which is the 
expected effect for higher distance bins covering larger areas (i.e., larger “donuts”).
Nearest neighbor points to lines
The nearest neighbor analyses in the main text represent points (mineral deposits) relative 
to lines (caldera rims). Thus, a more accurate representation is to draw caldera rims as circles for 
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nearest neighbor analysis. We use radii of 5, 10, and 20 km for the rims and examples of result-
ing nearest neighbor distances are presented in Figure S2.  Note that using the nearest neighbor 
from points to lines (circles) changes the slope of the lowest distance bins. This is an effect 
caused by points (as mineral deposits) falling either within or near calderas. The radius of the 
caldera has an effect on how steep and the distance over which this effect takes place (e.g., com-
pare Fig. 2a to e). The lack of a positive slope in the nearest neighbor distributions in the main 
text is the result of most of the calderas representing circular features.
Figure S3 presents a comparison of points to circles with a radius of 10 km, except we 
changed the simulation window from a rectangle to that of the study area in the main text. This 
model is presented to simply demonstrate that the shape of the study area has less of an effect on 
the pattern in the nearest neighbor data. 






























distance to nearest point (km, log scale)
Figure S1. Example results of nearest neighbor cross correlation of two random point datasets. The first set of 
points are not shown for clarity, but include 10’s of thousands of points generated with a Poisson intensity of 2.0-8 
m-2. The second set of points are “calderas”. Example caldera points are shown in panels b & d. a: Frequency-log 
distance plots for an example result of nearest neighbor analysis relative to “caldera” points modelled with a Thomas 
clustering scale of 20 km (as shown in b). c: As in panel a, except with a 40 km clustering scale. Note the “caldera” 
points are more dispersed in panel d in comparison to panel b.
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distance to nearest line (km, log scale)
Figure S2. Results of nearest neighbor cross correlation of a random point set relative to circular lines. Point data 
are as in Figure S1 (not shown, for clarity). Second dataset is circles drawn around randomly located Thomas clus-
ters (20 km cluster spacing scale). Note that all three examples use the same centroid for calderas – the only differ-
ence is the radius of the random calderas. a: Frequency-log distance plot for calderas with 5 km rim (highlighted by 
vertical dashed line). b: Calderas used to generate data in panel a. c,d: Caldera radius = 10 km. e,f: Caldera radius = 
20 km. Note that the positive slope from ~ 2 to 50 km observed in Fig. S1 is no longer present, and there is a break 
in slope that occurs near the modeled caldera radius. These data suggest the break in slope around 5 – 20 km reflects 
the average caldera radius, and are an effect of applying nearest neighbor analysis from points (deposits) to circular 
lines (caldera rims). This observation explains the break in slope observed in the random data presented in frequen-
cy-distance plots in the main text.
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Figure S3. An example nearest neighbor frequency-log distance distribution within the irregular study window from 
the main text. Provided for comparison to the rectangular models shown in Figs. S1 & S2. Thomas clustered calde-
ras with radii = 10 km were used for nearest neighbor analysis.


















distance to nearest line (km, log scale)
caldera radius
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APPENDIX 2: SUPPLEMENTARY FIGURES FOR CHAPTER 4
This section includes photos of relevant hand samples (Fig. S1) and a comparison of zircon com-
mon Pb abundances for zircon crystals with and without observed mineral inclusions (Fig. S2).
a b
c d
1 cm 1 cm
1 cm 1 cm
Figure S1. Example hand sample photos. (a) Sample NC16-02 showing finely porphyritic texture of plagioclase 
and amphibole in a blueish gray matrix. (b) Sample MZ17-07 showing moderate propylitic alteration of ferro-
magnesian minerals and distinct ~ 1 cm K-feldspar crystals. (c) Sample WP17-08 showing numerous fragmented 
phenocrysts set in a quartz-sericite altered matrix. (d) Sample TQ18-02 showing fragmented quartz phenocrysts set 














Figure S2. Histogram comparing total common Pb (in pg) for zircon that were analyzed via ID-TIMS and also on 
the SEM. Zircon with analyzable inclusions with EDS are highlighted in red.
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